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Skin	  is	  the	  largest	  organ	  of	  the	  body	  protecting	  our	  internal	  organs	  from	  physical	  
injury,	  microbial	   invasion	  and	   infection.	  Healthy	  skin	  homeostasis	  relies	  on	   the	  
interaction	  between	  the	  skin’s	  physical	  properties,	  its	  immunity	  and	  microflora.	  
When	   the	   skin	   is	  damaged	   it	   cannot	  maintain	  homeostasis	  or	  protect	   the	  body	  
from	  microbial	  invasion	  and	  has	  a	  dynamic	  process	  to	  close	  the	  wound	  as	  quickly	  
as	  possible.	  Thermal	   injury	   is	   a	   serious	   type	  of	   trauma,	  where	   significant	  burn	  
wounds	   need	   specific	   care	   to	   reduce	   morbidity	   and	   mortality.	   Across	   New	  
Zealand	  and	  Australia	  a	  total	  2656	  patients	  were	  hospitalised	  with	  burn	  injuries	  
between	   2012	   and	   2013,	   of	   these	   patients	   24	   died	   from	   burn	   wound	   related	  
complications.	   The	   role	   of	   commensal	   bacteria	   on	   wound	   healing	   is	   not	   well	  
understood.	  Commensal	  bacteria,	  in	  particular	  coagulase	  negative	  staphylococci	  
(CoNS),	   on	   the	   skin	   and	   associated	   appendages	   colonise	   the	   wounds	   surface	  
within	   the	   first	   48	   hours	   after	   wounding.	   They	   are	   generally	   dismissed	   when	  
identified	   in	   infections,	   as	   known	   pathogens	   such	   as	   Staphylococcus	  aureus	   (S.	  
aureus),	  Pseudomonas	  aeruginosa	   and	  Escherichia	  coli	  would	   also	   be	   identified.	  
However	   CoNS	   can	   are	   known	   to	   cause	   nosocomial	   infections	   such	   as	   foreign	  
body	  blood	  stream	  infections.	   It	   is	  clinically	   important	  to	  be	  able	  to	  distinguish	  
colonizing	   and	   infecting	   bacteria	   in	   a	  wound	   so	   appropriate	   treatment	   can	   be	  
carried	  out.	  This	   study	  establishes	   in	  vitro	   skin	   thermal	   injury	  models,	  2	  and	  3	  
dimensional	   (2D	  and	  3D)	   to	   investigate	   the	  effects	  on	  CoNS	  on	  wound	  healing.	  
The	  attachment	  and	  protein	  expression	  profiles	  (e.g.	  matrix	  metalloproteinases,	  
MMPs)	   of	   S.	   lugdunensis,	   S.	   haemolyticus,	   S.	   hominis	   and	   S.	   capitis	   on	   epithelial	  
cells	  were	   compared	   to	   the	  most	   abundant	   skin	   commensal	  S.	  epidermidis	   and	  
commonly	  isolated	  pathogen	  S.	  aureus.	  3D	  skin	  rafts	  grown	  on	  Transwell	  inserts	  
better	  represented	  the	  structure	  and	  the	  environment	  of	  human	  skin	  compared	  
to	   the	   2D	  monolayer.	   A	   burn	   technique	  was	   established	   using	   3	  mm	  diameter	  
copper	  rod	  at	  80°C	  that	  created	  reproducible	  burns	  in	  both	  models,	  which	  could	  
effectively	   heal	   in	   a	  manner	   reminiscent	   of	   re-­‐epithelialization.	   The	   3D	  model	  
demonstrated	   a	   repair	   process	   similar	   to	   in	  vivo	   skin,	   including	   an	   increase	   in	  
MMP-­‐2	  and	  MMP-­‐9	  in	  response	  to	  injury.	  The	  addition	  of	  each	  CoNS,	  apart	  from	  




low	   nutrient	   environment	  when	   bacterial	   numbers	   exceeded	   105	   CFU/mL,	   but	  
not	  to	  the	  same	  extent	  in	  a	  high	  nutrient	  environment.	  Although	  the	  CoNS	  were	  
less	   pathogenic	   in	   this	   model	   than	   S.	   aureus,	   S.	   lugdunensis	   did	   show	   similar	  
attachment	  traits	  to	  S.	  aureus	  with	  heavy	  colonisation	  at	  the	  wounds	  edge.	  All	  the	  
CoNS	   had	   increased	   biofilm	   forming	   potential	   compared	   to	   S.	   epidermidis.	  
Interestingly	  all	  bacteria	  investigated	  reduced	  MMP-­‐2	  and	  MMP-­‐9	  expression	  by	  
the	  epithelial	  cells	  across	  both	  models.	  This	  is	  the	  first	  report	  of	  decreased	  MMP	  
activity	  in	  response	  to	  bacteria	  in	  wounds.	  The	  findings	  in	  this	  thesis	  suggest	  that	  
CoNS	  have	  the	  potential	  to	  impair	  wound	  healing.	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  skin	  equivalent	  
IL-­‐	   	   Interleukin	  	  
KCl	   	   Potassium	  chloride	  
kDa	   	   Kilodalton	  	  
KH2PO4	   Monopotasium	  phosphate	  	  
L	   	   litre	  
LTA	   	   Lipoteichoic	  acid	  
M2	   	   Macrophage	  2	  phenotype	  
mg/mL	   Milligram	  per	  millilitre	  	  
min	   	   Minute	  
mm	   	   Millimetre	  
mM	   	   Millimolar	  
mL	   	   Millilitre	  
MMP	   	   Matrix	  metalloproteinases	  
mRNA	  	   Messenger	  ribonucleic	  acid	  
n	  =	   	   Number	  of	  
Na2HPO4	   Disodium	  phosphate	  
NaCl	   	   Sodium	  chloride	  
ng/mL	  	   Nanogram	  per	  millilitre	  
NHDF	   	   Normal	  human	  dermal	  fibroblast	  
NZRM	   	   New	  Zealand	  reference	  culture	  collection,	  medical	  section	  
ORC	   	   Organotypic	  raft	  culture	  
OD	   	   Optical	  density	  	  
PAMPs	   Pathogen	  associated	  molecular	  patterns	  	  
PBS	   	   Phosphate	  buffered	  saline	  




pg/mL	  	   Picograms	  per	  millilitre	  
pH	   	   potential	  of	  hydrogen	  
PIA/PNAG	   Polysaccharide	  intercellular	  adhesion	  proteins	  
PVL	   	   Panton	  valentine	  leukocidin	  
RT	   	   Room	  temperature	  
Sdr	   	   Serine-­‐dispartate	  repeat	  
SDS	   	   Sodium	  dodecyl	  sulphate	  
SDS-­‐PAGE	   Sodium	  dodecyl	  sulphate	  polyacrylamide	  gel	  electrophoresis	  
sec	   	   Second	  
SH	   	   Slow	  healing	  
SP	   	   Substrate	  P	  
SSTI	   	   Skin	  and	  soft	  tissue	  infection	  
T-­‐cell	   	   Type	  of	  lymphocyte	  
TEMED	   N,N,N’,N’-­‐tetramethylethylenediamine	  
TLR	   	   Toll-­‐like	  receptor	  
TNF-­‐α	  	   Tumor	  necrosis	  factor	  alpha	  
TMB	   	   3,3’-­‐5,5’-­‐tetramethylbenzidine	  
TSA	   	   Tryptic	  soy	  agar	  
TBS	   	   Tryptic	  soy	  broth	  
V	   	   Volts	  






1.1.	  Overview	  of	  skin,	  wounds,	  and	  healing	  	  
Skin	  is	  the	  largest	  organ	  in	  the	  body	  with	  a	  surface	  area	  of	  approximately	  1.75m2	  
(Grice	   et	   al.,	   2011;	   Percival	   et	   al.,	   2012).	   The	   skin	   forms	   a	   tough,	   flexible	  
protective	  barrier	  to	  the	  outside	  world	  that	  prevents	  microbial	  invasion	  (Dryden,	  
2009),	   physical	   injury	   and	   UV	   damage.	   The	   skin	   also	   plays	   a	   vital	   role	   in	  
homeostasis	  of	  the	  body,	  controlling	  water	  content	  and	  temperature,	  and	  is	  the	  
first	  line	  of	  defence	  against	  infection	  (Dryden,	  2009;	  Martin,	  1997;	  Percival	  et	  al.,	  
2012;	  Topping	  et	  al.,	  2006).	  
	  
Adult	  skin	  consists	  of	  two	  layers,	  the	  epidermis	  and	  dermis,	  which	  are	  separated	  
by	   a	   basement	   membrane	   (Figure	   1).	   The	   outermost	   layer,	   the	   epidermis,	   is	  
comprised	   of	   stratified	   epithelium	   consisting	   primarily	   of	   keratinocytes	   (90-­‐
95%).	   The	   keratinocytes	   closest	   to	   the	   basement	  membrane	   are	   self-­‐renewing	  
basal	   cells	   which,	   like	   stem	   cells	   (Lai-­‐Cheong	   et	   al.,	   2009),	   proliferate	   and	  
migrate	  before	  becoming	  more	  differentiated,	  forming	  the	  corneal	  layers	  closest	  
to	   the	   external	   environment.	   The	   other	   5-­‐20%	   of	   cells	   found	   in	   the	   epidermis	  
(Figure	  1)	   are	  melanocytes,	  which	   give	   the	   colour	   to	   the	   skin,	   and	  Langerhans	  
cells,	  which	  play	   a	   role	   in	   the	   skin’s	   innate	   and	   adaptive	   immune	   system	   (Lai-­‐
Cheong	   et	   al.,	   2009).	   Underlying	   the	   epidermis	   is	   the	   dermis,	   a	   thick	   layer	  
comprised	   predominantly	   of	   fibroblasts,	   collagen	   and	   elastin,	   which	   gives	   the	  
skin	   its	   flexibility	  and	  strength	  (Dryden,	  2009;	  Martin,	  1997;	  Quan	  et	  al.,	  2015;	  
Quan	   et	   al.,	   2013).	   The	   dermis	   also	   contains	   sweat	   glands,	   nerve	   endings,	   hair	  

























Figure	  1:	  Structure	  of	  the	  skin.	  
The	  skin	  is	  separated	  into	  two	  distinct	  layers,	  the	  epidermis	  and	  the	  dermis.	  	  The	  
epidermis	  is	  comprised	  of	  mainly	  keratinocytes	  from	  the	  basal	  layer	  through	  to	  
the	  corneal	  layers.	  The	  epidermis	  also	  contains	  Langerhans	  cells	  and	  
melanocytes.	  The	  dermis	  is	  fibroblast	  populated	  and	  contains	  collagen,	  elastin,	  
blood	  vessels,	  sweat	  glands,	  nerve	  endings,	  macrophages	  and	  adipocytes.	  Hair	  
follicles	  also	  extend	  from	  the	  surface	  into	  the	  dermis	  and	  have	  sebaceous	  glands	  




1.2.	  Skin	  immunity	  
As	  a	  protective	  interface	  between	  internal	  organs	  and	  the	  environment,	  the	  skin	  
encounters	   pathogenic	   organisms	   (Salmon	   et	   al.,	   1994)	   and	   forms	   an	   essential	  
outpost	  of	  the	  immune	  system.	  It	  is	  the	  first	  line	  of	  defence	  against	  infection	  and	  
acts	   by	   reducing	   microbial	   adherence	   and	   invasion	   by	   providing	   a	   physical	  
barrier	   established	   by	   the	   stratum	   corneum	   as	   well	   as	   providing	   immune	  
surveillance	  (Gallo	  et	  al.,	  2012;	  Grice	  et	  al.,	  2011;	  MacLeod	  et	  al.,	  2016;	  Percival	  
et	   al.,	   2012).	   Skin	   cells	   can	   trigger	   the	   innate	   immune	   response	   through	  
pathogen-­‐associated	   molecular	   patterns	   (PAMPs)	   or	   danger	   associated	  
molecular	  patterns	  (DAMPs)	  activated	  by	  Toll-­‐like	  receptors	  (TLR)	  (Grice	  et	  al.,	  
2011;	  MacLeod	  et	  al.,	  2016)	  when	  invading	  organisms	  are	  recognised.	  This	  leads	  
to	   the	  production	  of	  a	  variety	  of	   cytokines	  and	  chemokines	   (Grice	  et	   al.,	   2011)	  
which	  modulate	  both	  the	  innate	  and	  adaptive	  immune	  responses	  (Krishna	  et	  al.,	  
2012a).	   Keratinocytes	   also	   produce	   a	   variety	   of	   cytokines	   including	   pro-­‐
inflammatory	   cytokines	   interleukin-­‐1	   (IL-­‐1),	   interleukin-­‐6	   (IL-­‐6),	   interleukin-­‐8	  
(IL-­‐8)	  and	  tumour	  necrosis	  factor-­‐alpha	  (TNF-­‐α),	  T-­‐cell	  trophic	  interleukin-­‐7	  (IL-­‐
7)	  and	  interleukin-­‐15	  (IL-­‐15),	  and	  immunomodulatory	  cytokines	  interleukin-­‐10	  
(IL-­‐10),	   interleukin-­‐12	   (IL-­‐12),	   interleukin-­‐18	   (IL-­‐18)	   and	   interferon’s	   (IFNs),	  
either	   constitutively	   or	   upon	   induction	   from	   various	   stimuli	   (Gröne,	   2002).	  	  
Langerhans	  cells,	   antigen-­‐presenting	  cells	   that	   reside	   in	   the	  epidermis,	  migrate	  
to	   the	   draining	   lymph	   nodes	   following	   stimulus	   and	   present	   to	   naïve	   T-­‐cells	  
which	   initiate	   a	   T-­‐cell	  mediated	   adaptive	   response	   (Ilkovitch,	   2011).	   They	   are	  
also	   thought	   to	   play	   a	   role	   in	   immune	   tolerance	   to	   commensal	   bacteria	   of	   the	  
skin	   (Chomiczewska	   et	   al.,	   2009).	   Other	   innate	   cells,	   such	   as	   mast	   cells	   and	  
macrophages,	   populate	   the	   dermis	   and	   respond	   to	   pathogens	   by	   secreting	  
proteases,	  inflammatory	  cytokines	  and	  chemokines	  (Ilkovitch,	  2011).	  
	  
1.3.	  Skin	  microbiota	  	  
Skin	   is	   an	   unusual	   habitat	   for	   microbial	   colonisation	   as	   it	   is	   readily	   open	   to	  
contamination	   from	   the	   external	   environment	   (Bojar	   et	   al.,	   2002).	   The	   harsh	  
conditions	   of	   the	   skin	   minimise	   the	   number	   of	   species	   that	   can	   maintain	   a	  
growing	  population	  there	  and	  become	  part	  of	  our	  indigeous	  microflora	  (Percival	  




as	   Staphylococcus,	   Propionibacterium,	   Corynebacterium	   and	   Malassezia	   yeast	  
species	  (Bojar	  et	  al.,	  2002;	  Cogen	  et	  al.,	  2008;	  Dryden,	  2009;	  Holland	  et	  al.,	  2009;	  
Holland	  et	   al.,	   2008;	  Percival	   et	   al.,	   2012).	  This	   “commensal”	   term	   implies	   that	  
the	  microorganism	  lives	  in	  peaceful	  coexistence	  with	  the	  host,	  while	  benefiting	  in	  
the	  sheltered	  ecological	  niche.	  However,	  it	  is	  becoming	  more	  evident	  that	  we	  do	  
in	   fact	   benefit	   from	   some	  microorganisms	  within	   the	  microflora	   (Cogen	   et	   al.,	  
2008;	   Grice	   et	   al.,	   2011).	   An	   example	   of	   this	   is	   S.	   epidermidis	   that	   produces	   a	  
range	   of	   anti-­‐microbial	   peptides	   (AMPs)(such	   as	   phenol-­‐soluble	   modulins),	  
which	   have	   been	   identified	   on	   the	   surface	   of	   the	   skin,	   and	   can	   stimulate	  
epithelial	  cells	   to	  produce	  human	  β-­‐defensins	  (HBDs)	  preventing	  the	  growth	  of	  
potential	   pathogenic	   bacteria	   such	   as	   S.	   aureus	   and	   group	   A	   Streptococcus	  
(Burian	  et	  al.,	  2017;	  Cogen	  et	  al.,	  2008;	  Duckney	  et	  al.,	  2013;	  Grice	  et	  al.,	  2011;	  
Nakatsuji	   et	   al.,	   2017;	   Percival	   et	   al.,	   2012).	   Burian	   et	   al.	   (2017)	   has	   found	   S.	  
epidermidis	  protects	  differentiated	  keratinocytes	  against	  S.	  aureus	  adhesion	  and	  
invasion	  by	  these	  secreted	  AMPs,	  and	  a	  study	  by	  Nakatsuji	  et	  al.	  (2017)	  confirms	  
this	  and	  also	  states	  that	  other	  commensals	  like	  S.	  hominis	  can	  produce	  AMPs	  that	  
protect	  the	  skins	  surface	  from	  S.	  aureus	  colonisation.	  
	  
The	  density	  and	  diversity	  of	   the	  skin’s	  microflora	   is	  dependent	  on	   the	  physical	  
structures	   (hair	   follicles	   and	   sebaceous	   glans,	   sweat	   glands)	   and	   physiological	  
factors	  (hydration,	  pH,	  oxygen	  availability	  and	  mechanical	  stresses)	  (Bojar	  et	  al.,	  
2002;	  Grice	  et	  al.,	  2011;	  Percival	  et	  al.,	  2012).	  For	  example,	  dry	  areas	  such	  as	  the	  
forearm	   can	   contain	   less	   than	  100	  microorganisms/cm2,	  whereas	   a	  moist	   area	  
like	   the	  groin	  can	  contain	  greater	   than	  1000	  organisms/cm2	  reaching	  numbers	  
greater	   than	   107	   organisms/cm2	   in	   some	   individuals	   (Bojar	   et	   al.,	   2002).	   The	  
extreme	   conditions	   of	   the	   skin	   limit	   the	  microflora	   to	  mainly	   gram-­‐positive	   or	  
gram-­‐positive-­‐like	   species	  described	   above.	  The	   cell	  walls	   of	   the	   gram-­‐positive	  
bacteria	   have	   high	   structural	   stability	   making	   them	   resistant	   to	   drying	   and	  
mechanical	  stresses	  associated	  with	  the	  skin	  (Bojar	  et	  al.,	  2002).	  Although	  these	  
microbes	  can	  survive	  in	  the	  driest	  areas	  of	  the	  body,	  albeit	  in	  low	  numbers,	  they	  
favour	  more	  moist	  or	  anaerobic	  conditions,	  and	  are	  therefore	  frequently	  isolated	  
from	   areas	   of	   the	   skin	   such	   as	   the	   axillae,	   perineum,	   groin,	   sweat	   glands,	   toe	  




2014).	  Propionibacterium	  spp	   and	   ‘Gram-­‐positive-­‐like’	   fungi	   e.g.	  Malassezia	   are	  
common	  in	  areas	  with	  many	  sebaceous	  and	  sweat	  glands	  like	  the	  scalp,	  face	  and	  
axillae	  (Bojar	  et	  al.,	  2002).	  Staphylococci	  are	  associated	  with	  hair	  follicles	  where	  
S.	  epidermidis	   can	   be	   isolated	   at	   the	  majority	   of	   sites	   of	   the	   body	   (Bojar	   et	   al.,	  
2002).	  
	  
Colonisation	  of	  the	  skin	  by	  microorganisms	  is	  thought	  to	  be	  controlled	  by	  a	  well-­‐
developed	  host	   immune-­‐surveillance	  system	  using	  a	  range	  of	  pro-­‐inflammatory	  
cytokines	   and	   the	   production	   of	   AMPs	   (Bojar	   et	   al.,	   2002;	   Grice	   et	   al.,	   2011).	  
Upon	   activation	   by	  microorganisms,	   keratinocytes	   can	   produce	   AMPs,	   such	   as	  
HBDs,	   in	   particular	   HBD-­‐2	   and	   HBD-­‐3	   limiting	   colonisation	   of	   gram-­‐negative	  
bacteria	  influencing	  the	  resident	  microflora	  (Bojar	  et	  al.,	  2002).	  The	  skin	  and	  its	  
resident	  microflora	  have	  evolved	  to	  work	  together	  to	  keep	  normal	  homeostasis	  
of	   the	   skin	   and	   to	   prevent	   colonisation	   of	   potential	   pathogens	   that	   could	  
otherwise	  colonise	  this	  niche	  in	  healthy	  individuals	  (Bojar	  et	  al.,	  2002;	  Cogen	  et	  
al.,	  2008).	  Healthy	  skin	  homeostasis	  relies	  on	  the	  interaction	  between	  the	  skin’s	  
microflora,	  immunity	  and	  physical	  properties.	  	  Disruptions	  in	  the	  balance	  of	  this	  
homeostasis	  can	  result	  in	  skin	  disorders	  and	  infections.	  
	  
1.4	  Skin	  damage	  and	  repair	  
Damaged	  skin	  cannot	  maintain	  homeostasis	  or	  protect	  the	  body	  from	  microbial	  
invasion	  so	  it	  has	  developed	  a	  dynamic	  process	  with	  which	  to	  close	  the	  wound	  as	  
quickly	  as	  possible	  (Carlson	  et	  al.,	  2008;	  Guo	  et	  al.,	  2010;	  Topping	  et	  al.,	  2006).	  
This	   process	   consists	   of	   four	   continuous,	   overlapping,	   precisely	   regulated	  
phases:	   homeostasis,	   inflammation,	   proliferation	   and	   remodelling	   (Figure	   2).	  
The	  first	  phase	  is	  homeostasis,	  which	  begins	  immediately	  after	  wounding	  occurs,	  
with	   vascular	   constriction	   and	   fibrin	   clot	   formation	   (Figure	   2)	   (Carlson	   et	   al.,	  
2008;	  Guo	  et	  al.,	  2010;	  Topping	  et	  al.,	  2006).	  The	  fibrin	  clot	  fills	  in	  the	  damaged	  
area	   and	   serves	   both	   as	   a	   protecting	   shield	   and	   a	   reservoir	   for	   cytokines	   and	  
growth	   factors.	   Platelet	   degranulation	   and	   damage	   to	   the	   blood	   vessels	   and	  
keratinocytes	  causes	  the	  release	  of	  chemokines,	  pro-­‐inflammatory	  cytokines	  and	  
growth	   factors	   that	   initialise	   the	   inflammatory	   phase	   (Figure	   2)(Werner	   et	   al.,	  




as	   IL-­‐8,	  attracts	  neutrophils	  to	  the	  wound	  site.	  Damaged	  keratinocytes	  produce	  
IL-­‐1β	  and	  IL-­‐6	  to	  target	  macrophages	  and	  promote	  inflammation	  (Barker	  et	  al.,	  
1991;	   Barrientos	   et	   al.,	   2008;	   Cornelissen,	   2004;	   Gröne,	   2002;	   Kemeny	   et	   al.,	  
1994).	  Therefore,	   the	   inflammatory	  phase	   is	  characterised	  by	  the	   infiltration	  of	  
neutrophils	   and	  macrophages	   to	   the	  wound	   site.	   Neutrophils	   clear	   the	  wound	  
site	   of	   cellular	   debris	   and	   help	   in	   the	   clearance	   of	   invading	   microbes.	  
Macrophages	   have	   multiple	   functions	   including	   activating	   the	   appropriate	  
inflammatory	   response	   and	   inducing	   and	   clearing	   apoptotic	   cells	   to	   promote	  
transition	   into	   the	  proliferative	  phase.	   Initiation	  of	   the	  proliferative	  phase	  also	  
involves	  growth	  factors,	  such	  as	  keratinocyte	  growth	  factors	  for	  proliferation	  of	  
keratinocytes.	   IL-­‐1β	  and	   IL-­‐6	  have	  roles	   in	   the	  proliferative	  stage,	  produced	  by	  
keratinocytes,	  monocytes,	  macrophages	  and	  neutrophils	  increasing	  keratinocyte	  
and	   fibroblast	  migration	  and	  proliferation	  (Barrientos	  et	  al.,	  2008;	  Cornelissen,	  
2004;	   Gröne,	   2002).	   The	   proliferative	   phase	   overlaps	   and	   follows	   the	  
inflammatory	  phase,	   and	   is	   characterised	  by	  proliferation	  and	  migration	  of	   the	  
epithelia	   (Figure	   2).	   	   AMPs	   are	   induced	  during	   these	   overlapping	   phases,	  with	  
migrating	  keratinocytes	  becoming	  the	  major	  source	  of	  AMPs	  during	  proliferation	  
(Sørensen,	  2016)	  and	  producing	  HBD-­‐2	  and	  HBD-­‐3	  that	  are	  dependent	  on	  injury	  
induced	   pro-­‐inflammatory	   cytokines	   like	   IL-­‐1β,	   or	   epidermal	   growth	   factor	  
respectively	   (Sørensen,	   2016).	   Basal	   keratinocytes	   from	   the	   undamaged	  
epidermis	  migrate	  and	  proliferate	  below	  the	  clot,	  thereby	  closing	  the	  wound	  area	  
(Figure	  2).	  Blood	  vessels	  and	  fibroblasts	  also	  migrate	  towards	  the	  growth	  factors	  
in	   the	   clot	   creating	   temporary	   granulation	   tissue	   below	   the	   newly	   formed	  
keratinocyte	  layer	  (Carlson	  et	  al.,	  2008).	  Matrix	  metalloproteinases	  (MMPs)	  help	  
this	   process	   by	   degrading	   basal	   lamina	   and	   dermal	   collagen,	   releasing	  
keratinocytes,	  endothelial	  cells	  and	  fibroblasts	  from	  their	  tethers	  (Martin,	  1997).	  
Once	   the	   wound	   is	   closed	   and	   the	   granulation	   tissue	   is	   formed,	   the	   healing	  
process	   moves	   into	   the	   final	   remodelling	   phase	   (Figure	   2).	   The	   remodelling	  
phase	   is	   responsible	   for	   the	   turnover	   of	   the	   granulation	   tissue	   into	   an	  
architecture	   that	   closely	   resembles	   that	   of	   normal	   tissue,	   leaving	   an	   acellular	  
scar	  consisting	  of	  an	   immature	  collagen	  matrix	  (Figure	  2)	  (Carlson	  et	  al.,	  2008;	  





Acute	  wounds,	   such	  as	   those	   that	   result	   from	  simple	  burns,	   trauma	  or	   surgical	  
intervention,	  heal	  relatively	  quickly	  following	  the	  healing	  process.	  Interruptions	  
or	   prolongation	   in	   the	   dynamic	   process	   of	  wound	   healing	   can	   lead	   to	   delayed	  
wound	  healing	  and	  non-­‐healing	  chronic	  wounds.	  There	  are	  multiple	  factors	  that	  
can	  lead	  to	  impaired	  wound	  healing	  and	  these	  can	  be	  characterised	  into	  local	  and	  
systemic	   factors.	   Local	   factors,	   such	   as	   infection,	   can	   directly	   affect	   the	  
microenvironment	   of	   the	   wound,	   while	   systemic	   factors	   such	   as	   the	   overall	  
health	   of	   the	   individual	   (e.g.	   age,	   gender,	   body	   mass	   index,	   pathologies	   and	  
immune	   capabilities)	   can	   affect	   the	   ability	   of	   the	   individual	   to	   heal	   (Guo	   et	   al.,	  
2010).	   Both	   of	   these	   factors	   can	   stall	   wounds	   in	   the	   inflammatory	   phase	   thus	  
preventing	  wound	  closure	  (Church	  et	  al.,	  2006;	  Li	  et	  al.,	  2007;	  Singh	  et	  al.,	  2007).	  	  
	  
	  







Figure	  2.	  Phases	  of	  wound	  healing.	  
Phase	   1.	   Homeostasis	   occurs	   immediately	   after	   wounding.	   Clot	   formation	  
provides	   a	   reservoir	   for	   chemokines,	   cytokines	   and	   growth	   factors.	   Phase	   2.	  
Inflammation	  is	  characterised	  by	  the	  infiltration	  of	  neutrophils	  and	  macrophages	  
to	   the	  wound	   site,	   this	   overlaps	  with	   the	   proliferation	   phase	   (phase	   3),	  where	  
migration	  of	  basal	  keratinocytes	  occurs	  below	   the	  clot	   thus	  closing	   the	  wound.	  
Phase	  4	  is	  the	  remodelling	  phase	  responsible	  for	  the	  turnover	  of	  the	  granulation	  
tissue	  into	  an	  architecture	  that	  closely	  resembles	  that	  of	  normal	  tissue.	  Designed	  








1.5	  Thermal	  injury	  and	  infection	  
Thermal	   injury	   is	   a	   serious	   type	   of	   trauma,	   where	   significant	   burn	   wounds	  
require	  care	  in	  specialised	  units	  to	  minimise	  morbidity	  and	  mortality	  (Church	  et	  
al.,	  2006;	  Mayhall,	  2003).	  	  In	  the	  United	  States	  5,000-­‐12000	  patients	  hospitalised	  
with	   significant	  burn	   injuries	  die	   from	  burn	  wound	   related	   complications	  each	  
year	   (Church	   et	   al.,	   2006;	  Mayhall,	   2003).	  Across	  New	  Zealand	   and	  Australia	   a	  
total	   of	   2656	  patients	  were	   hospitalised	  with	   burn	   injuries	   between	   2012	   and	  
2013.	  Of	  these	  patients	  24	  died	  from	  burn	  wound	  related	  complications	  (Burns	  
registry	  of	  Australia	  and	  New	  Zealand,	  Annual	  report,	  accessed	  2017).	  Significant	  
burn	   injuries	   (dependent	   on	   area,	   size	   and	   depth)	   can	   also	   induce	   a	   state	   of	  
immunosuppression	   causing	   wounds	   to	   become	   chronic	   in	   nature	   (Mayhall,	  
2003;	   Pruitt	   et	   al.,	   1998)	   Systemic	   inflammation	   triggered	   by	   thermal	   injury	  
alters	   the	   innate	   and	   adaptive	   immune	   responses	   to	   the	   wound	   and	   leads	   to	  
increased	  risk	  of	  wound	  infection	  and	  severe	  sepsis	  (Church	  et	  al.,	  2006;	  Singh	  et	  
al.,	  2007).	  	  
	  
The	   loss	   of	   the	   cutaneous	   barrier	   allows	   for	   colonisation	   by	   organisms	   of	  
endogenous	   and/or	   exogenous	   origin,	   subsequently	   giving	   rise	   to	   wound	  
infection	   if	   not	   properly	   treated	   (Dryden,	   2009;	   Mayhall,	   2003;	   Pruitt	   et	   al.,	  
1998).	  Gram-­‐positive	  and	  gram-­‐negative	  bacterial	  infections	  are	  one	  of	  the	  most	  
common	  causes	  of	  mortality	   following	  thermal	   injury	  (Rowan	  et	  al.,	  2015).	  The	  
burn	  wound	   surface	   is	   a	   protein	   rich	   environment	   that	   provides	   a	   favourable	  
niche	   for	  microbial	   colonisation	  and	  proliferation.	  Therefore,	   those	  bacteria	  on	  
the	  skin	  or	  associated	  with	  skin	  appendages	  that	  survive	  the	  thermal	  insult	  can	  
heavily	  colonise	  the	  wound	  surface	  within	  the	  first	  48	  hours.	  These	  are	  generally	  
the	  gram-­‐positive	  commensal	  staphylococci	  such	  as	  S.	  epidermidis	  (Church	  et	  al.,	  
2006).	  The	  pathogen,	  S.	  aureus,	  can	  also	  colonise	  and	  infect	  the	  wound	  within	  48	  
hours	   following	   thermal	   injury	   and	   is	   seen	   in	   early	   stages	   of	   chronic	   wounds	  
(Church	   et	   al.,	   2006).	   If	   not	   treated	   wounds	   are	   subsequently	   colonised	   with	  
other	   bacteria	   such	   as	   Pseudomonas	   aeruginosa	   and	   Escherichia	   coli	   (late	  





Biofilm	   formation	  by	  bacteria	   (e.g.	  P.	  aeruginosa	   and	  S.	  aureus)	   has	  become	  an	  
important	   factor	   in	   burn	   wound	   infections	   (Church	   et	   al.,	   2006).	   Biofilm	  
formation	  starts	  when	  bacteria	  adhere	  to	  abiotic	  surfaces	  (e.g.	  medical	  devices),	  
biotic	  surfaces	  (e.g.	  host	  tissues),	  or	  to	  each	  other	  (Becker	  et	  al.,	  2014;	  Percival	  et	  
al.,	   2012).	   Bacteria	   then	   multiply	   and	   aggregate	   producing	   extracellular	  
polymeric	  substances,	  which	  grows	  and	  matures	  into	  a	  thick	  and	  slimy	  microbial	  
community	   (Becker	   et	   al.,	   2014;	   Church	   et	   al.,	   2006;	   Percival	   et	   al.,	   2012).	  
Staphylococcal	   spp.	   are	   good	   biofilm	   forming	   bacteria	   and	   this	   is	   a	   virulence	  
factor	   for	   CoNS	   (Becker	   et	   al.,	   2014;	   Otto,	   2008).	   Biofilms	   can	   form	   in	   burn	  
wounds	  within	  48	  hours	  in	  vivo	  allowing	  the	  bacteria	  to	  evade	  killing	  by	  the	  host	  
immune	   response	   and	   increase	   resistance	   to	   antimicrobials,	   these	   biofilms	   are	  
generally	   polymicrobial	   and	   complicate	  wound	   treatment	   (Church	   et	   al.,	   2006;	  
Percival	   et	   al.,	   2012).	   CoNS	   have	   been	   isolated	   in	   burn	   wound	   infections,	  
generally	  isolated	  with	  a	  mixture	  of	  other	  bacteria	  (Becker	  et	  al.,	  2014;	  Church	  et	  
al.,	  2006;	  Mohammed	  et	  al.,	  2011).	  Most	  often	  the	  CoNS	  isolates	  are	  identified	  as	  
S.	   epidermidis	   with	   methicillin	   resistance	   (Becker	   et	   al.,	   2014;	   Church	   et	   al.,	  
2006).	   Therefore,	   it	   is	   important	   for	   burn	   wounds	   to	   undergo	   proper	   care	  
immediately	  after	  injury	  to	  reduce	  the	  possibility	  of	  infection.	  By	  identifying	  the	  
colonising	   bacteria	   from	   the	   pathogens	   with	   the	   potential	   to	   cause	   infection	  
during	  early	  stages	  of	  wound	  healing	  could	  prevent	  complications.	  
	  
1.6.	  	  Established	  skin	  models	  and	  applications	  	  
Skin	  models	  are	  needed	  to	  investigate	  and	  understand	  the	  functions	  of	  the	  skin	  
such	  as;	   immunity,	   interaction	  with	  commensal	  bacteria,	  skin	  disorders,	  wound	  
healing	  and	  infection	  with	  pathogens.	  A	  number	  of	  skin	  models	  have	  been	  used	  
in	  research	  ranging	  from	  monolayers	  containing	  one	  cell	  type	  to	  co-­‐cultured	  3D	  
models,	   ex	   vivo,	   and	   animal	   models	   (Naves	   et	   al.,	   2016).	   The	   models	   that	   are	  
currently	   being	   used	   for	   wound	   healing	   and/or	   interaction	   with	   bacteria	   are	  
described	  below.	  	  
	  
Epidermal	   keratinocytes	   are	   responsible	   for	   the	   barrier	   properties	   of	   the	   skin	  
and	   contribute	   to	   the	   innate	   immune	   response	   to	   microorganisms	  




give	  insight	  into	  the	  response	  of	  the	  epidermis	  to	  pathogenic	  bacteria	  (Kirker	  et	  
al.,	  2009;	  Sayedyahossein	  et	  al.,	  2015;	  Secor	  et	  al.,	  2011).	  The	  same	  can	  be	  done	  
with	   other	   cell	   types	   in	   the	   skin,	   such	   as	   fibroblasts	   (Kirker	   et	   al.,	   2012).	   In	  
human	  skin,	   the	  basal	  keratinocytes	  are	  responsible	  for	  re-­‐epithelialisation	  and	  
wound	  closure.	  The	   in	  vitro	   scratch	  assay	   is	  a	   simple	  wounding	  method,	  which	  
mimics	   to	   some	   extent	   cell	  migration	   in	   vivo	   (Liang	   et	   al.,	   2007).	   This	  method	  
allows	   for	   the	  elucidation	  of	  key	  cellular	  and	  molecular	   factors	   involved	   in	   cell	  
migration	  and	  proliferation	  after	  wounding	  (Carlson	  et	  al.,	  2008).	  Although	  the	  
2D	  monolayer	   experiments	   are	   ideal	   for	   analysing	   individual	   cellular	   functions	  
like	   cell	   migration,	   wound	   healing	   cannot	   be	   reduced	   to	   merely	   one	   cell	   type	  
(Safferling	  et	  al.,	  2013).	  Therefore,	  a	  major	  limitation	  of	  this	  model	  is	  that	  it	  lacks	  
the	   complexity	   of	   skin	   and	   it	   does	   not	   accurately	   replicate	   an	   in	   vivo	   wound.	  
Growth	  on	  a	  2D	  surface	  results	   in	  cell	   flattening	  and	  remodeling	  of	  the	  cell	  and	  
its	   internal	   cytoskeleton,	   subsequently	   resulting	   in	   altered	   gene	   expression	  
compared	   to	   that	   of	   the	   same	   cell	   in	  vivo	   (Knight	   et	   al.,	   2015).	  The	   inability	   to	  
form	   complex	   3D	   structures	   and	   cell-­‐cell	   interactions	   results	   in	   reduced	   cell	  
differentiation	  compared	  to	  native	  skin	  (Carlson	  et	  al.,	  2008;	  Xu	  et	  al.,	  2012).	  Cell	  
monolayers	  are	  already	   in	   their	  most	  proliferative	  state,	   similar	   to	   that	  of	  cells	  
within	   the	   basal	   layer	   of	   the	   epidermis	  whereas	   the	  majority	   of	   keratinocytes	  
within	  the	  skin	  are	  differentiated	  and	  may	  respond	  differently	  to	  wounding	  and	  
subsequent	   infection.	   Thus	   3D	   models	   were	   developed	   to	   better	   mimic	   the	  
architecture	  and	  responses	  of	  skin	  (Carlson	  et	  al.,	  2008;	  Safferling	  et	  al.,	  2013;	  Xu	  
et	  al.,	  2012).	  	  
	  
These	  3D	  models	  can	  be	  separated	  into	  two	  groups,	  the	  organotypic	  raft	  culture	  
(ORC)	  and	  human	  skin	  equivalents	  (HSE).	  ORC	  and	  HSE	  are	  titles	  that	  are	  inter-­‐
changeable	  in	  the	  literature	  (Arnette	  et	  al.,	  2016;	  Carlson	  et	  al.,	  2008;	  Topping	  et	  
al.,	  2006).	  ORCs	  and	  HSEs	  can	  be	  created	  on	  inserts	  with	  a	  flat	  membrane	  with	  
small	  pores,	  which	  allows	  nutrient	  intake	  from	  the	  media	  surrounding	  the	  insert	  
for	  growth	  (Arnette	  et	  al.,	  2016;	  Carlson	  et	  al.,	  2008).	  Using	  supplemented	  media,	  
small	  amounts	  of	  extra	  cellular	  matrix	  (ECM)	  proteins,	  and	  growth	  at	  air-­‐liquid	  
interface	  initiates	  cell	  differentiation	  to	  mimic	  the	  human	  epidermis	  (Arnette	  et	  




where	   keratinocytes	   and	   fibroblasts	   are	   co-­‐cultured	   in	   scaffolds	   or	   on	  
membranes	  to	  develop	  skin-­‐like	  3D	  structures	  (Arnette	  et	  al.,	  2016;	  Naves	  
et	  al.,	  2016).	  To	  achieve	  spatial	  organisation	  and	  separation	  of	   the	  dermal	  
and	  epidermal	  compartments	  HSEs	  and	  ORCs	  utilise	  a	  collagen	  or	  fibrin	  gel	  
containing	   dermal	   fibroblasts	   on	  which	   keratinocytes	   are	   grown	   (Arnette	  
et	   al.,	   2016;	   Carlson	   et	   al.,	   2008).	   Some	   ORC	   models	   coat	   the	   membrane	  
with	   collagen	   before	   seeding	   with	   fibroblasts,	   instead	   of	   a	   fibroblast-­‐
populated	   gel	   to	   form	   the	   dermal	   equivalent	   (David	   et	   al.,	   2013).	   A	   down	  
side	   to	   this	   fabrication	   of	   a	   dermis	   is	   cultures	   may	   not	   form	   a	   proper	  
basement	   membrane	   (Carlson	   et	   al.,	   2008;	   Xu	   et	   al.,	   2012).	   Therefore,	  
keratinocyte	   differentiation	   in	   these	   models	   is	   limited	   as	   the	   proper	  
connections	   between	   the	   fibroblasts	   and	   keratinocytes	   are	   needed	   for	  
structural	   stability	   (Arnette	   et	   al.,	   2016;	  Xu	  et	   al.,	   2012).	  To	   improve	   this,	  
de-­‐cellularised	  dermal	  matrices	  from	  donors,	  which	  can	  be	  purchased	  from	  
companies	   such	   as	   LifeCell	   (Product	   ALLODERM	   SELECT™	   Regenerative	  
Tissue	  Matrix.	   Allergan	   plc,	   Dublin,	   Ireland),	   have	   also	   been	   used	   for	  HSE	  
development.	   This	   provides	   a	   structure	   on	   which	   keratinocytes	   are	  
supported	  and	  a	  proper	  basement	  membrane	  can	  be	  formed	  (Arnette	  et	  al.,	  
2016;	  Carlson	  et	  al.,	  2008;	  Naves	  et	  al.,	  2016;	  Safferling	  et	  al.,	  2013;	  Xu	  et	  
al.,	   2012).	   HSE	  models	   tend	   to	   use	   keratinocytes	   from	   donor	   skin,	   which	  
are	   grown	   on	   3T3	   feeder	   fibroblasts	   to	   increase	   longevity	   (Arnette	   et	   al.,	  
2016).	   	   To	   improve	   structural	   stability	   and	  differentiation	  of	   keratinocyte	  
cells	   in	   ORCs,	   different	   types	   of	   scaffolds	   have	   been	   developed	   (Knight	   et	  
al.,	   2015).	   The	   solid	   structure	   and	  porous	  matrix	   of	   scaffolds	   such	   as	   that	  
from	   Alvetex	   (Alvetex®	   scaffolds,	   AMSBIO,	   UK),	   provides	   a	   3D	   space	   to	  
support	   the	   fibroblasts	   with	   spatial	   separation	   between	   the	   dermis	   and	  
epidermis	  equivalent	  that	  supports	  proper	  epidermal	  stratification	  (Knight	  
et	  al.,	  2015).	  	  These	  solid	  scaffolds	  for	  ORC	  models	  have	  only	  recently	  been	  
used	   to	   study	  melanoma	   and	   skin	   irritants	   (Hill	   et	   al.,	   2015;	   Lovat	   et	   al.,	  
2016),	   and	   have	   not	   yet	   been	   utilised	   in	   bacterial	   infection	   or	   wound	  
healing	  studies.	  Whereas	  HSEs	  have	  been	  used	  to	  investigate	  pathogen	  and	  
host	   interactions	   in	  undamaged	  skin	  (Holland	  et	  al.,	  2008),	  wound	  healing	  




2012),	   and	  wound	   infection	  with	  S.	  aureus	   (Haisma	  et	  al.,	  2013),	   these	  models	  
still	   lack	  some	   types	  of	   immune	  cells	  present	   in	  human	  skin.	   	  There	  have	  been	  
reports	   that	   these	   HSE	   models	   can	   support	   monocyte	   differentiation	   into	  
Langerhans	  cells	  and	  dendritic	  cells,	  and	  their	  localization	  and	  maturation	  state	  
improves	  the	  model’s	  similarity	  to	  human	  skin	  (Bechetoille	  et	  al.,	  2007;	  Chung	  et	  
al.,	  2014;	  David	  et	  al.,	  2013;	  Kühbacher	  et	  al.,	  2017).	  
	  
A	  more	  accurate	  platform	  to	  understand	  skin	  functions	  is	  to	  use	  ex	  vivo	  skin.	  Ex	  
vivo	   skin	   models	   use	   human	   skin	   tissue	   excised	   from	   patients	   then	  
grown/maintained	   in	   external	   environment	   in	   the	   lab.	   Xu	   et	   al.	   (2012)	  
demonstrated	   that	   this	   type	   of	   model	   better	   represents	   the	   wound	   healing	   in	  
comparison	  to	  ORC	  and	  HSE	  models.	  There	  are	  many	  disadvantages	  of	  an	  ex	  vivo	  
model.	   A	   specific	   donor	   is	   needed	   in	   comparative	   studies	   to	   reduce	   genetic	  
variability,	   but	   this	   is	   complicated	   by	   the	   amount	   of	   ex	   vivo	   skin	   available	   to	  
study	  (De	  Wever	  et	  al.,	  2015;	  Naves	  et	  al.,	  2016).	  Viability	  of	  ex	  vivo	  skin	   in	  the	  
most	  optimal	  growth	  conditions	  can	  range	  from	  14	  to	  75	  days	  depending	  on	  the	  
application	  (Andrade	  et	  al.,	  2015;	  De	  Wever	  et	  al.,	  2015;	  Mendoza-­‐Garcia	  et	  al.,	  
2015).	   Andrade	   et	   al.	   (2015)	   used	   ex	   vivo	   skin	   (up	   75	   days)	   for	   make	   up	  
applications,	   looking	   only	   at	   the	   epidermal	   layer.	   As	   a	   wound-­‐healing	   model,	  
necrosis	  occurs	  in	  skin	  sample	  at	  14	  days	  (Mendoza-­‐Garcia	  et	  al.,	  2015).	  Excision	  
of	   the	   skin	   when	   harvested	   causes	   the	   skin	   to	   be	   inflamed,	   activating	   all	   the	  
innate	  immune	  cells	  within	  the	  skin.	  Therefore	  all	  immune	  cells	  traffic	  out	  in	  to	  
the	  media	  within	  in	  four	  days	  of	  harvest	  (De	  Wever	  et	  al.,	  2015;	  Ng	  et	  al.,	  2009).	  
	  
Another	  approach	   to	  study	  wounds	   in	  vivo	  is	   the	  use	  of	  animal	  models.	  Animal	  
models	   such	   as	   murine	   and	   porcine	   wound	   models	   are	   widely	   used	   to	   study	  
wound	   infections	   (Ahrens	   et	   al.,	   2011;	   Sullivan	   et	   al.,	   2001).	   Mice	   are	   more	  
commonly	  used	  for	  an	  in	  vivo	  wound	  model	  (Ansell	  et	  al.,	  2014),	  where	  incisional	  
wounds	   (Ansell	   et	   al.,	   2014;	   Dai	   et	   al.,	   2011;	   Pierce	   et	   al.,	   1988),	   excisional	  
wounds	   (Ansell	   et	   al.,	   2014;	  Wise	   et	   al.,	   2012;	  Wise	   et	   al.,	   2014)	   and	   thermal	  
wounds	  (Abdullahi	  et	  al.,	  2014;	  Dai	  et	  al.,	  2011)	  can	  be	  studied.	  However,	   they	  
have	  drawbacks	   in	   that	   they	  are	  a	  poor	   representation	  of	   the	  human	  skin	   (e.g.	  




expensive	  to	  use	  and	  have	  related	  ethical	  issues	  (Haisma	  et	  al.,	  2013;	  Holland	  et	  al.,	  
2009;	  Holland	  et	  al.,	  2008;	  Popov	  et	  al.,	  2014).	  Therefore,	   in	  the	  study	  reported	  in	  
this	  thesis	   in	  vitro	  models	   for	  thermal	   injury	  were	  established	  using	  commercially	  
available	   primary	   and	   immortalised	   human	   cell	   lines,	   with	   no	   associated	   ethical	  
restrictions.	  
	  
1.7.	  Impact	  of	  S.	  aureus	  infection	  on	  skin	  repair	  using	  in	  vitro	  models	  
S.	  aureus	  is	  a	  transient	  coloniser	  of	  the	  skin,	  frequently	  isolated	  in	  the	  anterior	  nares	  
(Cogen	  et	  al.,	  2008;	  Percival	  et	  al.,	  2012),	  and	  is	  the	  most	  common	  isolate	  found	  in	  
both	   acute	   and	   chronic	   infected	  wounds.	  S.	  aureus	   has	   a	  wide	   range	   of	   virulence	  
factors	  	  (Krishna	  et	  al.,	  2012a,	  b;	  Lacey	  et	  al.,	  2016;	  Percival	  et	  al.,	  2012).	  S.	  aureus	  
expresses	  multiple	  cell	  surface	  factors	  that	  allow	  it	  to	  bind	  to	  host	  adhesive	  matrix	  
molecules,	  which	   include:	   fibronectin-­‐binding	  proteins	  (FnbpA	  and	  FnbpB),	  which	  
allows	  S.	  aureus	   to	  bind	   to	   the	   fibrin	   clot;	   collagen	  binding	  protein;	   and	  clumping	  
factor	  proteins	  that	  bind	  fibrinogen	  (Costa	  et	  al.,	  2013;	  Krishna	  et	  al.,	  2012a;	  Lacey	  
et	  al.,	  2016).	  Production	  of	  coagulases,	  clumping	  factors,	  play	  an	  important	  role	  in	  
pathogenicity	   (Loof	   et	   al.,	   2015).	   These	   promote	   plasma	   clotting	   (fibrinogen	   to	  
fibrin/prothrombin	   to	   thrombin)	   in	   the	  host	   that	   surrounds	  S.	  aureus	   by	  a	   fibrin-­‐
containing	  pseudocapsule,	  allowing	  it	  to	  evade	  the	  host	  immune	  system	  (Loof	  et	  al.,	  
2015).	   Other	   virulence	   factors	   that	   help	   promote	   S.	   aureus	   infection	   are	   surface	  
factors	   that	   allow	   the	   bacteria	   to	   evade	   phagocytosis,	   such	   as	   capsular	  
polysaccharides	  and	  Staphyloxanthin	  (Costa	  et	  al.,	  2013;	  Krishna	  et	  al.,	  2012a;	  Lacey	  
et	  al.,	  2016).	  S.	  aureus	  also	  secretes	  pore-­‐forming	  toxins,	  such	  as	  Panton	  Valentine	  
Leukocidin	   (PVL),	   heptametric	   β–barrel	   forming	   alpha	   toxin	   (Hla)	   and	   Phenol-­‐
soluble	  modulins	  that	  destroy	  host	  cells	  (Krishna	  et	  al.,	  2012a;	  Lacey	  et	  al.,	  2016).	  	  
These	   virulence	   factors	  make	  S.	  aureus	   highly	   pathogenic	   and	   the	  most	   causative	  
organisms	  in	  skin	  and	  soft	  tissue	  infections	  (SSTIs),	  95%	  of	  all	  SSTIs	  in	  New	  Zealand	  
(Costa	  et	  al.,	  2013;	  Krishna	  et	  al.,	  2012a,	  b;	  Lacey	  et	  al.,	  2016;	  Percival	  et	  al.,	  2012;	  
Williams	  et	  al.,	  2017;	  Williamson	  et	  al.,	  2014).	  Infections	  range	  from	  localised	  skin	  
infection	   (e.g.	   impetigo,	   cellulitis	   and	   subcutaneous	   abscesses)	   to	   life	   threatening	  
infections	  (e.g.	  bacteraemia,	  toxic	  shock	  syndrome,	  endocarditis	  and	  sepsis)(Cui	  et	  





Tankersley	   et	   al.	   (2014)	   examined	   the	   inflammatory	   response	   by	   human	  
keratinocytes	   (2D)	   to	   secreted	   products	   from	   biofilm	   or	   planktonic	   S.	   aureus.	  
Both	   biofilm,	   and	   to	   a	   greater	   extent	   planktonic	   conditioned	  media,	   increased	  
expression	  of	  regulators	  of	  inflammation,	  apoptosis	  and	  nitric	  oxide	  production.	  
Overproduction	   of	   nitric	   oxide	   has	   been	   shown	   to	   be	   toxic	   and	   induce	   pro-­‐
inflammatory	   cytokines	   in	   levels	   that	   prevent	  wound	   closure	   and	  may	   explain	  
why	   chronic	  wounds	   fail	   to	   heal	  when	   infected	  with	   biofilm	   forming	   S.	  aureus	  
(Tankersley	  et	  al.,	  2014).	  These	   findings	  have	  been	  supported	  by	  other	  studies	  
(Kirker	  et	  al.,	  2009;	  Olaru	  et	  al.,	  2010b;	  Sayedyahossein	  et	  al.,	  2015;	  Secor	  et	  al.,	  
2011;	  Son	  et	  al.,	  2014)	  that	  also	  identified	  key	  interactions	  between	  human	  skin	  
cells	  and	  S.	  aureus.	  Examples:	   integrin-­‐linked	  kinases–Rac1	  dependant	  pathway	  
for	   bacterial	   invasion	   (Sayedyahossein	   et	   al.,	   2015);	   S.	   aureus	   induced	   serine	  
protease	   expression	   from	   2D	   differentiated	   keratinocytes	   which	   leads	   to	  
desquamation	   of	   keratinocytes	   (Williams	   et	   al.,	   2017);	   and	   substance	   P	   (SP)	  
production;	   a	   neuropeptide	   found	   in	   sweat,	   which	   promotes	   staphylococcal	  
adhesion	  in	  particular	  S.	  aureus,	  increasing	  its	  virulence	  (N'Diaye	  et	  al.,	  2016).	  In	  
chronic	  wounds,	  pathogens	  invade	  and	  affect	  the	  dermis,	  therefore	  fibroblast	  cell	  
monolayers	  have	  also	  been	  utilised.	  Kirker	  et	  al.	  (2009)	  showed	  that	  fibroblasts	  
produce	   a	   more	   significant	   inflammatory	   response	   to	   S.	   aureus	   conditioned	  
media	  from	  planktonic	  bacteria	  than	  from	  biofilms.	  	  
	  
3D	  models	  have	  been	  used	  to	  investigate	  S.	  aureus	  colonisation	  and	  infection	  of	  
intact	   and	   thermally	  wounded	   skin	   rafts.	  Holland	   et	   al.	   (2008)	  has	   shown	   that	  
species	  of	  staphylococci	  can	  colonise	  intact	  HSEs	  and	  trigger	  a	  pro-­‐inflammatory	  
response,	  and	  Popov	  et	  al.	  (2014)	  showed	  S.	  aureus	  was	  able	  to	  invade	  through	  
the	  barrier	  of	  the	  epidermis.	  HSEs	  have	  also	  been	  used	  as	  wound	  repair	  models	  
as	   they	   can	   somewhat	   mimic	   re-­‐epithelisation	   of	   in	   vivo	  wounds,	   with	   more	  
complexity	  than	  2D	  models	  (Topping	  et	  al.,	  2006;	  Xu	  et	  al.,	  2012).	  For	  example,	  
Haisma	  et	  al.	   (2013)	  used	  an	  HSE	   thermal	  burn	  model	   to	  evaluate	   infection	  by	  
methicillin-­‐resistant	   S.	   aureus	   (MRSA)	   and	   demonstrated	   the	   bacteria	   could	  
adhere	   equally	   to	  wounded	  or	   intact	  HSE.	  This	   is	   in	   contrast	   to	  human	  wound	  
infections	   (Church	   et	   al.,	   2006;	   Martin,	   1997),	   in	   which	   staphylococci	   heavily	  




HSEs	  lack.	  These	  inconsistencies	  are	  due	  to	  limitations	  of	  this	  model,	  such	  as	  the	  
lack	   of	   blood	   vessels	   and	   clot	   formation.	   Fibrin	   clots	   are	   nutrient	   rich	   and	  
support	   the	   growth	   of	   bacteria	   (Church	   et	   al.,	   2006).	   This	  model	   did	   however	  
show	   similarities	   and	   differences	   in	   inflammatory	   and	   protective	   responses	   to	  
MRSA	   between	   intact	   and	   wounded	   HSEs.	   Production	   of	   pro-­‐inflammatory	  
cytokines	   (IL-­‐1β,	   IL-­‐6	  and	   IL-­‐8)	  and	  AMPs	   (HBD-­‐2	  and	  HBD-­‐3)	  was	   induced	   in	  
HSEs	   in	   the	   presence	   of	   MRSA	   regardless	   of	   thermal	   wounding.	   This	   is	   in	  
agreement	   with	   other	   published	   work	   where	   intact	   HSE	   models	   were	   used	  
(Holland	  et	  al.,	  2009;	  Krishna	  et	  al.,	  2012a).	  A	  slightly	  different	  finding	  by	  Haisma	  
et	  al.	  (2013)	  showed	  production	  of	  IL-­‐6,	  IL-­‐8,	  HBD-­‐2	  and	  HBD-­‐3	  was	  unregulated	  
by	  wounding	  and	  or	  S.	  aureus	  infection.	  Each	  cytokine	  production	  profile	  varied	  
where	   some	   cytokines	   were	   enhanced	   more	   by	   the	   combination	   of	   thermal	  
wounding	   and	   infection	   together	   than	   by	   wounding	   and	   infection	   separately	  
(Haisma	  et	  al.,	  2013).	  	  There	  has	  only	  been	  a	  small	  amount	  of	  research	  done	  on	  
the	   combination	   of	   thermal	  wounding	   and	   subsequent	   colonisation	   of	   bacteria	  
using	  HSE	  or	  ORC	  models.	  
	  
1.8.	  Impact	  of	  commensal	  bacteria	  on	  skin	  repair	  
Coagulase	  negative	  staphylococci	  (CoNS)	  are	  a	  group	  of	  staphylococci	  that	  do	  not	  
produce	   coagulase	   based	   on	   phenotypic	   identification	   to	   differentiate	   from	   S.	  
aureus	  in	  a	  clinical	  setting	  (Becker	  et	  al.,	  2014).	  Testing	  for	  coagulase	  activity	  can	  
be	   done	   with	   a	   conventional	   slide	   and/or	   a	   tube	   test	   using	   plasma	   (rabbit),	  
where	  coagulase	  positive	  bacteria	  will	  clot	  the	  plasma	  (Eng	  et	  al.,	  1982;	  Kloos	  et	  
al.,	   1975).	   The	   slide	   test	   can	   be	   done	   for	   rapid	   identification	   (result	   within	  
minutes)	  whereas	  the	  tube	  test	  can	  take	  2	  –	  24	  h	  (Knight	  et	  al.,	  2015;	  Sperber	  et	  
al.,	  1975).	  However	  it	  is	  recommended	  to	  use	  the	  tube	  test	  as	  it	  has	  a	  lower	  rate	  
of	   false	  positives	   (Sperber	  et	   al.,	   1975).	  More	   improved	   rapid	   slide	  based	   tests	  
for	   coagulase	   activity	   uses	   latex	   beads,	   sensitised	   with	   fibrinogen	   and	  
immoglobulin-­‐G	   (IgG),	   which	   produce	   rapid	   results	   with	   a	   low	   rate	   of	   false	  
positives.	   (Davies	   et	   al.,	   2008).	   CoNS	   are	   the	  most	   frequently	   isolated	   bacteria	  
from	  adult	  skin,	  with	  the	  most	  abundant	  species	  being	  S.	  epidermidis	  (Percival	  et	  
al.,	  2012).	  Other	  CoNS	  such	  as	  S.	  haemolyticus	  (second	  most	  isolated),	  S.	  hominis,	  




(Becker	   et	   al.,	   2014).	   These	   CoNS	   are	   traditionally	   considered	   non-­‐pathogenic	  
and	  previous	  studies	  addressed	  CoNS	  as	  a	  whole	  and	  did	  not	  differentiate	  them	  
into	   species	   (Becker	   et	   al.,	   2014).	   However,	   with	   their	   biofilm-­‐forming	   abilities	  
(Becker	  et	  al.,	  2014;	  Otto,	  2008;	  Tristan	  et	  al.,	  2006),	  they	  are	  now	  being	  reconsidered	  
as	  opportunistic	  pathogens	  involved	  in	  hospital-­‐acquired	  infections	  in	  chronically	  ill,	  
immune-­‐compromised	   patients	   or	   associated	   with	   foreign	   bodies/medical	   devices	  
(Becker	  et	  al.,	  2014).	  CoNS	  infections	  due	  to	  S.	  epidermidis	  or	  S.	  haemolyticus	  have	  the	  
largest	   clinical	   impact.	   CoNS	   are	   now	   recognised	   as	   the	   leading	   cause	   of	   early	  
prosthetic	  valve	  infections	  and	  endocarditis	  (Becker	  et	  al.,	  2014).	  CoNS	  can	  also	  cause	  
neonatal	   infections,	   adult	   bacterial	   meningitis,	   foreign	   body	   infections	   and	   sepsis.	  
Standard	  laboratory	  culturing	  methods	  restrict	  the	  power	  to	  distinguish	  between	  S.	  
epidermidis	  and	  other	  CoNS	  (Becker	  et	  al.,	  2014;	  Hakkinen	  et	  al.,	  2011;	  Loonen	  et	  al.,	  
2012).	  Phenotypic	  methods	   for	   identification	  of	  CoNS	  are	  unreliable	  and	  should	  be	  
used	   in	   conjunction	   with	   genotypic	   identification	   techniques	   like	   MALDI-­‐TOF	   MS.	  
However,	  genotypic	  techniques	  are	  not	  available	  in	  some	  clinical	  scenarios.	  (Hakkinen	  
et	   al.,	   2011;	   Loonen	   et	   al.,	   2012).	   Few	   studies	   have	   undertaken	   investigation	   of	  
bacterial	   colonisation	   of	   skin	   microorganisms	   on	   human	   skin	   models,	   due	   to	   the	  
incompatibility	   of	   some	   microbes	   to	   grow	   in	   the	   laboratory	   growth	   conditions	  
(Bhattacharyya	   et	   al.,	   1998;	   Bojar,	   2015;	   Holland	   et	   al.,	   2008;	   Popov	   et	   al.,	   2014).	  
These	  studies	  have	  successfully	  shown	  that	  HSE	  and	  ex	  vivo	  models	  can	  support	  the	  
growth	  of	  staphylococcal	  species,	  P.	  acnes,	  and	  Malassezia	  spp.	  
	  
S.	   epidermidis	   is	   the	  most	   common	   commensal	   of	   the	   skin	  making	   up	   90%	   of	   the	  
aerobic	   microbiota,	   and	   is	   particularly	   abundant	   in	   the	   upper	   regions	   of	   the	   hair	  
follicles	  (Cogen	  et	  al.,	  2008;	  Percival	  et	  al.,	  2012).	  S.	  epidermidis	  has	  become	  the	  most	  
important	  organism	  in	  hospital-­‐acquired	  infections.	   In	  a	  study	  over	  a	  7-­‐year	  period	  
CoNS	  caused	  31%	  of	  nosocomial	  bloodstream	  infections	  in	  comparison	  to	  S.	  aureus	  at	  
20%	   (Rosenthal	   et	   al.,	   2012).	   S.	   epidermidis	   may	   infect	   wounds	   in	   compromised	  
patients	  by	   forming	  biofilms	  that	  shield	   the	  bacteria	   from	  the	  host	   immune	  system	  
and	  antibiotics	  (Becker	  et	  al.,	  2014).	  S.	  epidermidis	  has	  several	  surface	  proteins	  (e.g.	  
serine-­‐aspartate-­‐repeat	   (Sdr)	   proteins,	   accumulation-­‐associated	   proteins	   (Aap),	  
autolysin	   (Atl),	   and	   polysaccharide	   intercellular	   adhesion	   (PIA/PNAG))	   that	   aid	   in	  




2014;	  Otto,	  2008).	   	   	  Aap	  and	  PIA/PNAG	  are	  efficient	  in	  protecting	  the	  S.	  epidermidis	  
biofilm	  from	  phagocytosis	  by	  neutrophils	  and	  polymorphonuclear	  leukocytes	  (Becker	  
et	  al.,	  2014;	  Otto,	  2008).	  
	  
S.	   haemolyticus	   is	   found	   abundantly	   in	   inguinal	   areas,	   perineum	   and	   axillae.	   S.	  
haemolyticus	   is	   a	   well-­‐known	   opportunistic	   pathogen	   and	   the	   CoNS	   most	   often	  
isolated	  after	  S.	  epidermidis	  (Becker	  et	  al.,	  2014;	  Daniel	  B	  et	  al.,	  2014).	  S.	  haemolyticus	  
is	  highly	  prevalent	  in	  the	  hospital	  environment,	  and	  is	  also	  the	  second	  most	  frequently	  
isolated	   CoNS	   from	   blood	   cultures.	   S.	   haemolyticus	   also	   has	   the	   highest	   level	   of	  
antimicrobial	   resistance	   (e.g.	   β-­‐lactam	   antibiotics,	   gentamicin,	   erythromycin,	  
chloramphenicol	  and	  ciprofloxacin)	  among	  the	  CoNS	  (Barros	  et	  al.,	  2012;	  Daniel	  B	  et	  
al.,	  2014).	   It	   is	   the	   second	  most	   frequent	   cause	  of	  nosocomial	   infections	  associated	  
with	   the	   insertion	   of	   medical	   devices.	   S.	   haemolyticus	   does	   not	   depend	   on	  
polysaccharides	  for	  biofilm	  formation,	  instead	  it	  has	  another	  novel	  mechanism	  using	  
extracellular	  DNA	  products,	  thought	  to	  be	  an	  important	  part	  of	  the	  matrix	  component	  
in	  early	  stages	  of	  biofilm	  formation	  (Becker	  et	  al.,	  2014;	  Daniel	  B	  et	  al.,	  2014).	  	  
	  
S.	   lugdunensis	   was	   first	   isolated	   in	   1988	   from	   human	   clinical	   specimens	   in	   France	  
(Frank	  et	   al.,	   2008).	   Since	   that	   time,	   it	  has	  emerged	  as	  an	   infrequent,	  but	  not	   rare,	  
human	  pathogen	  with	  characteristics	  that	  are	  not	  like	  any	  other	  CoNS.	  S.	  lugdunensis	  
behaves	  similarly	  to	  S.	  aureus,	  it	  has	  heat-­‐stable	  δ-­‐like	  haemolysin	  similar	  to	  δ-­‐toxin	  in	  
S.	  aureus,	  resistance	  to	  lysozyme,	  and	  has	  adhesins	  that	  promote	  binding	  to	  host	  cells	  
and	  to	  ECM	  components	  (e.g.	  collagen	  1,	  collagen	  4,	  fibrinogen	  and	  fibronectin)(Kubo	  
et	  al.,	  2001;	  Larjava	  et	  al.,	  2013;	  Lourtet-­‐Hascoët	  et	  al.,	  2016).	  Although	  S.	  lugdunensis	  
isolates	   are	   coagulase	   negative	   in	   the	   tube	   test	   (do	   not	   secrete	   coagulase),	   some	  
isolates	  do	  produce	  a	  membrane	  bound	   form	  of	   the	  enzyme	  known	  as	  a	   clumping	  
factor,	   which	   can	   then	   lead	   to	   misidentification	   as	   S.	   aureus	   in	   the	   rapid	   slide	  
coagulase	  test	  (Lourtet-­‐Hascoët	  et	  al.,	  2016).	  S.	  lugdunensis	  is	  clinically	  significant	  as	  it	  
has	  been	  reported	  as	  an	  aggressive	  cause	  of	  infective	  endocarditis	  (Becker	  et	  al.,	  2014;	  
Frank	  et	  al.,	  2008).	  It	  has	  also	  been	  reported	  as	  a	  cause	  of	  superficial	  SSTIs	  with	  an	  
incidence	  of	  53	  per	  100,000	  per	  year	  when	  optimised	  identification	  methods	  are	  used	  
(Bocher	   et	   al.,	   2009).	   In	   comparison	   to	   other	   CoNS	   S.	   lugdunensis	   isolates	   remain	  




S.	   hominis	   can	   be	   isolated	   from	   the	   axillae	   and	   inguinal	   areas	   and	   can	   cause	  
infective	   endocarditis,	   blood	   stream	   infections,	   and	   foreign	   body	   infections	  
(Becker	   et	   al.,	   2014).	   	  Mendoza-­‐olazaran	   et	   al.	   (2013)	   reports	   that	   47.6%	  of	  S.	  
hominis	   isolates	   were	   strong	   biofilm	   producers	   and	   81%	   were	   methicillin	  
resistant.	  S.	  hominis	  isolates	  have	  also	  shown	  resistance	  to	  a	  wide	  range	  of	  other	  
antibiotics;	   penicillin,	   ampicillin,	   amoxicillin-­‐clavulanic	   acid,	   ciprofloxacin,	  
tetracycline,	   chloramphenicol,	   gentamicin,	   rifampicin,	   nitrofurantoin,	   and	  
cefotaxime	  	   to	   just	   name	   a	   few	   (Mendoza-­‐Garcia	   et	   al.,	   2015).	   Resistance	   is	  
associated	  with	  multidrug	  efflux	  pumps	  (Mendoza	  et	  al.,	  2010;	  Mendoza-­‐Garcia	  
et	  al.,	  2015).	  	  
	  
S.	  capitis	  can	  be	  found	  predominantly	  surrounding	  the	  sebaceous	  glands	  on	  the	  
forehead	  and	  scalp	  and	  can	  be	   isolated	  from	  sebaceous	  glands	  surrounding	  the	  
hair	   follicles	  on	  the	  arms	  and	   legs	  (Becker	  et	  al.,	  2014).	  S.	  capitis	   can	  cause	   life	  
threating	   foreign	   body	   infections,	   blood	   stream	   infections	   and	   infections	   in	  
neonates	   (Becker	   et	   al.,	   2014).	   S.	   capitis	   infections	   are	   less	   common	   than	   the	  
other	   CoNS	   described	   here	   (Becker	   et	   al.,	   2014).	   Studies	   have	   looked	   into	   its	  
biofilm	  forming	  abilities	  and	  it	  showed	  enhanced	  biofilm	  forming	  potential	  when	  
grown	   in	  platelet	  concentrates	  (Greco-­‐Stewart	  et	  al.,	  2013).	  Overall	   these	  CoNS	  
have	  potential	   to	   cause	   serious	   infections	   in	   immune-­‐compromised	  patients	   as	  
described	  above.	  	  
	  
As	   Staphylococcus	   spp	   are	   early	   colonisers	   of	   burn	   wounds	   and	   derived	   from	  
surrounding	  tissues	  that	  survive	  thermal	  insult,	  it	  is	  important	  to	  understand	  their	  
impact	   in	  wound	  healing	   so	   that	   appropriate	   treatments	   can	  be	   administrated	   to	  
minimise	   complications.	   However,	   very	   little	   research	   has	   been	   conducted	  
investigating	  the	  impact	  of	  commensals	  on	  skin	  health	  and	  wound	  healing.	  Holland	  
et	  al.	  (2009)	  identified	  a	  less	  than	  2-­‐fold	  gene	  expression	  change	  in	  intact	  HSE	  when	  
colonised	   by	   S.	   epidermidis.	   This	   group	   also	   showed	   HSEs	   can	   be	   colonised	  with	  
other	   skin	   commensals	   such	  as	  Propionibacterium	   and	  Malassezia	  (Holland	   et	   al.,	  
2009).	   Using	   a	   2D	   differentiated	   keratinocyte	   model	   Wanke	   et	   al.	   (2011)	  	  
(Wanke	  et	  al.,	  2011)	  demonstrated	  that	  keratinocytes	  discriminate	  between	  the	  




and	  signalling	  pathways.	  The	  commensals	  didn’t	  alter	  inflammatory	  markers	  but	  
did	   induce	   low	   levels	   of	   AMPs	   in	   the	   absence	   of	   injury	   in	   this	   study.	   This	   low	  
level	  of	  AMP	  expression,	  in	  particular	  HBD-­‐3,	  	  is	  thought	  to	  limit	  colonisation	  of	  
pathogens	   as	   it	   is	   highly	   effective	   against	   S.	   aureus	   and	   other	   gram-­‐positive	  
pathogens.	   An	   interesting	   find	   by	   this	   research	   group	   was	   that	   S.	   epidermidis	  
conditioned	   media	   amplified	   the	   innate	   immune	   response	   in	   the	   primary	  
keratinocytes	  in	  response	  to	  subsequent	  addition	  of	  S.	  aureus	  conditioned	  media	  
(Wanke	  et	  al.,	  2011).	  	  	  
	  
Lai	   et	   al.	   (2009)	   states	   that	   the	   lipoteichoic	   acid	   (LTA)	   from	   commensal	  
staphylococci	  is	  needed	  to	  regulate	  and	  keep	  homeostasis	  of	  the	  epidermis.	  LTA	  
causes	   a	   reduced	   expression	   of	   inflammatory	   cytokine	   release	   from	   healthy	  
primary	   keratinocytes,	   which	   reduces	   inflammation	   in	   the	   skin	   to	   commensal	  
bacteria	   (Lai	   et	   al.,	   2009).	   However	   when	   the	   skin	   barrier	   is	   breached	   LTA	  
initiates	   an	   opposite	   response,	   as	   it	   acts	   as	   a	   pro-­‐inflammatory	   factor	   for	   cells	  
that	   normally	   exist	   in	   a	   sterile	   environment	   (e.g.	   macrophages	   and	   mast	  
cells)(Lai	   et	   al.,	   2009).	   Importantly,	   a	   recent	   study	   using	   germ	   free	   mice	   has	  
shown	  that	   in	  the	  absence	  of	  commensal	  bacteria	  wound	  healing	   is	  accelerated	  
(Canesso	   et	   al.,	   2014).	   This	   was	   associated	   with	   a	   higher	   infiltrate	   of	   M2	  
macrophages	  and	  mast	  cells	  that	  can	  promote	  wound	  resolution,	  suggesting	  that	  
skin	  commensals	  alter	  the	  inflammatory	  and	  immune	  response.	  	  	  
	  
A	   study	   conducted	   by	   Duckney	   et	   al.	   (2013)	   looked	   at	   the	   effects	   of	   skin	  
commensals,	   S.	   epidermidis	   and	   P.	   acnes,	   on	   reconstituted	   human	   skin	  
equivalents	   when	   they	   were	   in	   the	   media	   below	   the	   skin	   barrier.	   Both	  
commensals	   caused	   large-­‐scale	   inflammation	   and	   were	   highly	   cytotoxic,	   in	  
particular	   S.	   epidermidis.	   This	   study	   related	   this	   to	   infections	   associated	   with	  
catheters	  that	  penetrate	  the	  skin	  (Duckney	  et	  al.,	  2013).	  Together	  these	  studies	  
(Canesso	   et	   al.,	   2014;	   Duckney	   et	   al.,	   2013;	   Lai	   et	   al.,	   2009)	   indicate	   that	  
commensal	   bacteria	   can	   affect	   the	   inflammatory	   response	   in	   the	   epithelia	   and	  
may	   cause	   delayed	   healing	   and	   infection	   of	   the	   wound.	   Therefore,	   it	   would	   be	  
beneficial	   to	   understand	   the	   role	   of	   commensal	   bacteria,	   such	   as	   CoNS,	   in	   skin	  




1.9.	  This	  study	  
The	  initial	  aim	  of	  this	  study	  was	  to	  develop	  an	  in	  vitro	  skin	  model	  with	  which	  to	  
evaluate	  repair	  and	  infection	  following	  thermal	  injury.	  The	  hypothesis	  was	  that	  a	  
3D	  skin	  model	  would	  more	  accurately	  mimic	  the	  repair	  process	  than	  a	  2D	  model.	  
	  
The	   second	   aim	   of	   this	   study	   was	   evaluate	   if	   the	   models	   were	   suitable	   for	  
bacterial	   colonisation	   and	   or	   infection.	   The	   hypothesis	   being	   that	   bacteria	  will	  
grow	  in	  these	  models	  and	  grows	  at	  a	  rate	  more	  similar	  to	  that	  on	  the	  skin	  in	  the	  
3D	  model.	  
	  
The	   final	   aim	  of	   this	   study	  was	   to	   investigate	   the	   effects	   of	   coagulase	  negative	  
commensal	  Staphylococcus	  spp	   on	   repair	   processes	   following	   thermal	   injury	   in	  
the	   chosen	   in	   vitro	   models.	   The	   opportunistic	   pathogens,	   S.	   lugdunensis,	   S.	  
haemolyticus,	   S.	   hominis	   and	   S.	   capitis,	   were	   chosen	   for	   this	   study	   due	   to	   their	  
involvement	   in	   hospital	   acquired	   infections.	   The	   hypothesis	   was	   that	   these	  
bacteria	  would	  cause	  impaired	  healing	  and	  infection,	  with	  greater	  impact	  than	  S.	  
epidermidis	  but	  not	  to	  the	  extent	  of	  S.	  aureus.	  	  
	  
The	  specific	  objectives	  of	  this	  study	  were:	  	  
1. To	  establish	   in	  vitro	  models	   (2D	  keratinocyte	  monolayer	  and	  3D	  organotypic	  
raft)	  suitable	  for	  thermal	  injury.	  
2. Establish	  a	  reproducible	  burn	  technique	  that	  would	  effectively	  heal.	  
3. To	   use	   the	   models	   developed	   to	   investigate	   the	   impact	   of	   commensal	   and	  
pathogenic	  Staphylococcus	  spp.	  on	  skin	  burn	  closure	  rate.	  	  
4. To	  use	  the	  models	  developed	  to	  study	  colonisation	  and	  infection	  of	  skin	  burns	  
by	  the	  commensal	  and	  pathogenic	  Staphylococcus	  spp.	  	  
5. To	   use	   the	   models	   developed	   to	   investigate	   the	   impact	   of	   commensal	   and	  
pathogenic	  Staphylococcus	  spp.	   on	   skin	   burn	   production	   of	   pro-­‐inflammatory	  
cytokines	  (IL-­‐1β,	  IL-­‐6	  and	  IL-­‐8),	  degradative	  enzymes	  (MMP-­‐2	  and	  MMP-­‐9),	  and	  







2.	  Materials	  and	  methods	  	  
2.1.	  Cell	  lines	  and	  media	  preparation	  
This	   study	   utilised	   human	   adult	   low	   calcium,	   high	   temperature	   keratinocytes	  
(HaCaT	   ATCC®	  CRL-­‐2404),	   an	   immortilised	   human	   keratinocyte	   cell	   line,	   and	  
neonatal	  human	  dermal	  fibroblasts	  (NHDF	  ATCC®	  PCS-­‐201-­‐010).	  Media	  used	  for	  
maintaning	   cell	   culture	   was	   complete	   DMEM	   (cDMEM)	   prepared	   using	  
Dulbecco’s	   modified	   Eagles	   medium	   (DMEM)	   (Gibco®,	   4.5g/L	   D-­‐Glucose,	   life	  
technologies,	   USA),	   10%	   heat-­‐inactivated	   foetal	   calf	   serum	   (FCS)	   (Gibco®,	   Life	  
Technologies,)	   and	   1%	   (100	   μg/mL)	   penicillin/	   (100	   μg/ml)	   streptomycin	  
(Gibco®,	  Life	  Technologies).	  	  
	  
Thermal	  injury	  assay	  media	  for	  the	  2D	  model	  was	  low	  glucose	  DMEM	  (1	  g/L	  D-­‐
Glucose,	   Life	   Technologies)	   containing	   1%	   Penicillin/Streptomycin	   and	   either	  
0.5%	   FCS	   or	   5%	   FCS.	   Media	   for	   thermal	   injury	   in	   the	   3D	  models	   contain	   raft	  
growth	  media	  (Table	  1)	  with	   low	  glucose	  DMEM	  and	  varying	  concentrations	  of	  




















Table	  1.	  Ingredients	  for	  raft	  media	  and	  cornification	  media	  
*	  Changes	  to	  raft	  media	  adapted	  from	  Carlson	  et	  al.	  (2008)	  
	  




Total	  200ml	  	  
Cornification	  
medium	  	  
Total	  100ml	  	  
DMEM	  (Gibco®,	  4.5g/L	  
D-­‐Glucose,	  life	  
technologies)	  
	   	   132.6	  mL	   88.2	  mL*	  
F12	  (1x)	  (Life	  
Technologies,	  LOT	  
1557657)	  
	   	   44.3	  mL	   88.2	  mL*	  
Epidermal	  growth	  
factor	  (EGF)	  (Abacus	  
ALS	  NZ	  Catalogue	  No:	  
SEEGF-­‐1)	  
100μg/mL	   10	  ng/mL	   20μL	   10μL	  
Hydrocortisone	  
(Sigma,	  Catalogue	  No:	  
H4881)	  
5	  mg/mL	   0.4μg/mL	   16μL	   8μL	  
Insulin	  	  
(Sigma	  Catalogue	  No:	  
I5500)	  
5	  mg/mL	   5μg/mL	   200μL	   100μL	  
Transferrin	  
(Sigma	  Catalogue	  No:	  
T2252)	  
50	  mg/mL	   5μg/mL	   20μL	   10μL	  
3,3,5-­‐Triiodo-­‐L-­‐
thyronine	  sodium	  salt	  
(sigma	  Catalogue	  No:	  
T6397)	  
1.2μg/mL	   1.5	  ng/mL	   250μL	   125μL	  
Cholera	  toxin	  
(Sigma	  Catalogue	  No:	  
C8052)	  	  
8.36	  ng/mL	  	   0.836	  pg/mL	  	   20μL	   10μL	  





1x	   1	  %	   2	  mL	   1	  mL	  
Calcium	  Chloride	  *	  	  
(BDH	  Chemicals)	  
5.6	  μg/mL	   0.02	  μg/ml	   	   357	  μL	  
FCS	  	  	   1x	   10	  %	  	  
	  




2.2.	  Solutions	  	  
Phosphate	  buffered	  saline	  (PBS)	  consisted	  of	  8	  g	  NaCl	  (Scharlab	  S.	  L.,	  Spain),	  0.2	  
g	  KCl	  (Sigma	  Aldrich,	  USA),	  1.135	  g	  Na2HPO4	  (Sigma	  Aldrich),	  0.2	  g	  KH2PO4	  (BDH	  
Laboratories,	  UK)	  made	  to	  1	  L	  in	  dH2O.	  	  
Zinc	   salts	   fixative	   consisted	   of	   6.05	   g	   Tris	   Base	   (Applichem,	   Germany)	   0.25	   g	  
calcium	   acetate	   (Sigma),	   2.5	   g	   zinc	   acetate	   (Sigma),	   2.5	   g	   zinc	   chloride	   (BD	  
Biosciences)	  made	  up	  to	  500	  mL	  in	  milli-­‐Q	  water	  and	  pH	  to	  7.4	  with	  hydrochloric	  
acid,	  HCl	  (BD	  Biosciences).	  
	  
2.3.	  Bacteria	  strains	  and	  culture	  media	  
Bacterial	   strains	   used	   in	   this	   study	   are	   shown	   in	   Table	   2.	   All	   strains	   were	  
purchased	  from	  the	  ESR	  culture	  collection	  (Environmental	  and	  Science	  Research,	  
Porirua).	  Bacterial	  media	  included	  tryptic	  soy	  broth	  (TSB)	  (30g	  tryptic	  soy	  broth	  
powder	   (Becton,	   Dickinson	   and	   Company,	   USA)	   suspended	   in	   1L	   dH2O,	  
autoclaved	  and	  stored	  in	  10	  mL	  aliquots	  at	  4°C)	  and	  Tryptic	  soy	  agar	  (TSA)	  (40g	  
tryptic	  soy	  agar	  powder	  (Becton,	  Dickinson	  and	  Company)	  suspended	  1L	  dH2O,	  
autoclaved	   and	   poured	   into	   plastic	   Petri	   dishes	   90	   mm	   x15	   mm	   (LabServe®,	  



















Table	  2.	  Bacterial	  strains	  used	  in	  this	  study.	  
Organism	   ATCC/NZRM	   Type	   Source	  
Staphylococcus	  
aureus	  PVL+	   ATCC	  25923	  
Seattle	  strain,	  
Clinical	  isolate	   ESR	  
Staphylococcus	  
epidermidis	   ATCC	  14990	   Type	  strain,	  nose	   ESR	  
Staphylococcus	  
lugdunensis	   NZRM	  3078	  
Clinical	  isolate	  
from	  skin	  lesions	   ESR	  
Staphylococcus	  
haemolyticus	   ATCC	  29970	  
Type	  strain,	  
human	  skin	   ESR	  
Staphylococcus	  
hominis	   ATCC	  27844	  
Type	  strain,	  
human	  skin	   ESR	  
Staphylococcus	  
capitis	   ATCC	  27840	  
Type	  strain,	  
human	  skin	   ESR	  
	  
2.4.	  Bacterial	  Culture	  
Inocula	   of	   Staphylococcus	   spp.	   (Staphylococcus	   aureus,	   Staphylococcus	   epidermidis,	  
Staphylococcus	   lugdunensis,	   Staphylococcus	   haemolyticus,	   Staphylococcus	   hominis,	  
Staphylococcus	  capitis)	  were	  grown	  overnight	  on	  TSA	  plates	  at	  37°C	  prior	  to	  use	  in	  
an	   experiment.	   A	   single	   colony	   of	   each	   bacterial	   type	  was	   grown	   overnight	   at	  
37°C	  in	  10	  mL	  TSB.	  The	  bacterial	  suspension	  was	  then	  centrifuged	  at	  3485	  g	  for	  
10	   min,	   resuspended	   in	   10	   mL	   PBS,	   and	   diluted	   to	   108	   CFU/mL	   using	   a	   0.5	  
McFarland	   standard.	   The	   diluted	   suspension	   was	   washed	   twice	   in	   PBS	   with	  
centrifugation	   at	   3485	   g	   for	   10	   min	   then	   resuspended	   in	   DMEM.	   Ten-­‐fold	  
dilutions	   (10-­‐1	   to	   10-­‐7)	   of	   the	   bacterial	   suspension	   were	   then	   performed	   in	  
DMEM,	   and	   later	   applied	   to	   cell	   cultures	   with	   thermal	   injuries.	   Viable	   counts	  










2.5.	  Viable	  counts	  	  
Aliquots	  of	  10	  μL	  from	  serial	  ten-­‐fold	  bacterial	  dilutions	  (neat	  -­‐	  10-­‐7)	  were	  plated	  
onto	  TSA	  plates	  and	  incubated	  overnight	  at	  37°C.	  Colonies	  were	  counted	  for	  each	  
dilution	   and	   dilutions	   containing	   30	   -­‐300	   colonies	   were	   used	   to	   calculate	   the	  
viable	  count	  (CFU/mL).	  
Formula:	  !"#
!"




2.6.	  Cell	  culture	  –	  growth	  and	  maintenance	  
Frozen	   stocks	   of	   HaCaTs	   or	   NHDFs	   were	   removed	   from	   liquid	   nitrogen	   then	  
warmed	   in	   a	  water	   bath	   at	   37°C.	   Thawed	   cells	  were	   transferred	   into	   a	   25cm2	  
tissue	   culture	   flask	   containing	   5	   ml	   complete	   DMEM	   (cDMEM).	   Cells	   were	  
cultured	  in	  cDMEM	  and	  incubated	  at	  37°C	  in	  5%	  CO2,	  unless	  otherwise	  stated.	  	  
	  
HaCaTs	  or	  NHDFs	  were	  subcultured	  when	  70-­‐90%	  confluent	  by	  washing	  with	  5	  
mL	  PBS	  twice,	  then	  2	  mL	  TrypLE	  express	  (Gibco®,	  Life	  Technologies)	  was	  added	  
for	  5-­‐10	  min	  at	  37°C	  in	  5%	  CO2	  to	  dissociate	  the	  cells.	  To	  inactivate	  TrypLE,	  10	  
mL	   of	   cDMEM	  was	   added.	   Cells	  were	   transferred	   to	   a	   50	  mL	   Falcon	   tube	   and	  
centrifuged	  at	  300g	   for	  5	  min.	  The	  cell-­‐free	  supernatant	  was	  discarded	  and	  the	  
cell	  aliquots	  were	  resuspended	  in	  a	  1:1	  volume	  of	  0.4%	  trypan	  blue	  (Gibco®,	  Life	  
Technologies)	  then	  counted	  using	  a	  haemocytometer.	  Both	  cell	  types	  were	  then	  
resuspended	  at	  1x105	  cells/mL	  in	  cDMEM	  in	  75	  cm2	  	  tissue	  culture	  flasks.	  	  
	  
For	   long	   term	   storage,	   1x106	   cells	   were	   resuspended	   in	   1	   mL	   of	   cDMEM	  
containing	  10%	  dimethyl	  sulfoxide	  (Fisher	  scientific,	  UK)	  then	  placed	  into	  sterile	  
Cryotube	  Vials	   that	  were	   initially	   frozen	  at	   -­‐80°C	  overnight	   then	   transferred	   to	  











2.7.	  Alvetex	  Scaffolds	  
	  
2.7.1.	  3D	  Culture	  using	  an	  Alvetex	  Scaffold	  
Following	   manufacturer’s	   instructions,	   Alvetex	   scaffolds	   (Reinnervate	   limited,	  
UK),	  with	  a	  200	  μm	  thick	  polystyrene	  membrane	  of	  12	  mm	  diameter	  and	  pore	  size	  
of	  36	  -­‐	  40	  μm,	  were	  placed	  in	  a	  6	  well	  plate	  (one	  scaffold	  per	  well)	  then	  washed	  
once	  with	  70%	  ethanol	  and	   twice	  with	  PBS,	  prior	   to	  coating	  with	  1.3%	  collagen	  
(stock	  concentration	  3.89	  mg/mL)	  (Rat	  tail	  collagen	  type	  1,	  BD	  Biosciences,	  USA)	  
filter	  sterilised	  in	  milli-­‐Q	  water.	  The	  scaffolds	  were	  then	  incubated	  for	  1	  h	  at	  room	  
temperature	   (RT).	   Each	   scaffold	   was	   then	   seeded	   with	   between	   3x105	   -­‐	   1x106	  
NHDFs	   in	   100	  μL	   of	   cDMEM.	  After	   1	   h,	   8	  mL	  of	   cDMEM	  was	   placed	   in	   the	  well	  
below	  the	  scaffold	  then	  the	  cells	  were	  incubated	  for	  7	  days	  with	  complete	  media	  
changes	  every	  second	  day.	  The	  media	  was	  then	  removed	  from	  each	  well	  and	  5x105	  
-­‐	   1x106	  HaCaTs	   were	   seeded	   in	   100	   μL	   of	   EpiLife	   medium	   (Life	   Technologies)	  
containing	  1%	  human	  keratinocyte	   growth	   supplement	   (Life	  Technologies).	  The	  
HaCaTs	  were	  incubated	  for	  1	  h	  before	  adding	  4	  mL	  of	  cDMEM	  to	  the	  bottom	  well.	  
After	  3	  days	  of	   incubation,	   the	  media	  was	   removed	   from	  both	  wells	   (insert	   and	  
bottom)	  and	  replaced	  with	  4	  mL	  of	  raft	  growth	  medium	  (Table	  1)	  to	  bottom	  well,	  
which	  placed	  the	  cells	  at	  the	  air/liquid	  interface.	  The	  cells	  were	  then	  incubated	  for	  
1	  month	  with	  complete	  media	  changes	  every	  second	  day	  to	  reach	  maturation.	  To	  
enhance	  raft	  development	  the	  following	  modifications	  were	  made	  to	  the	  method:	  	  
a) Addition	  of	  25	  μL	  of	  collagen	  (3.89	  mg/mL)	  to	  initial	  fibroblast	  seeding.	  
b) 	  1:4	  dilution	  of	  matrigel	  (BD	  Biosciences,	  354262)	  to	  a	  1:1	  mix	  of	  F12	  and	  
DMEM	  media,	  used	  to	  coat	   fibroblast	   layer	  after	  7	  day	   incubation,	   for	  1	  h	  
incubation	  prior	  to	  HaCaT	  seeding.	  
c) 	  Media	   change	   to	   cornification	   media	   (Table	   1)	   containing	   1.8	   mM	   of	  
calcium	  chloride	  one	  week	  prior	  to	  raft	  maturation.	  	  
d) The	  combination	  of	  all	  three	  of	  these	  changes	  a	  -­‐	  c.	  
	  Neutral	  red	  was	  used	  to	  ascertain	  evenness	  of	  cell	  growth	  and	  populations	  within	  
the	   scaffold,	   in	   response	   to	  method	   alterations.	   Mature	   rafts	   were	   fixed	   in	   zinc	  
salts	  (see	  2.2.)	  or	  4%	  paraformaldehyde	  (PFA,	  Agar	  Scientific,	  UK)	  overnight	  at	  RT	  





2.7.2.	  Neutral	  red	  staining	  
Media	  was	   removed	   from	   the	  well	   containing	   the	   insert/scaffold	   to	  be	   stained.	  
Rafts	  were	  gently	  washed	  once	  with	  PBS	  then	  100	  μL	  of	  neutral	  red	  was	  added	  
for	  5	  min.	  Then	  rafts	  were	  gently	  washed	  in	  copious	  amounts	  of	  PBS	  for	  2	  min.	  
The	  PBS	  was	  then	  removed	  and	  150	  μL	  of	  PBS	  was	  added	  to	  the	  surface	  of	   the	  
raft,	   then	   the	   raft	  was	   visualised	   using	   an	   inverted	   light	  microscope	   (Olympus	  
TH4200).	  The	  PBS	  was	  removed	  after	  visualisation	  and	  media	  in	  the	  lower	  well	  
replaced	  for	  further	  culture	  of	  the	  raft.	  	  
	  
2.7.3.	  Paraffin	  embedding	  and	  processing	  
Alvetex	  rafts	  stored	  in	  70%	  ethanol	  were	  dehydrated	  without	  the	  use	  of	  xylene	  
using	   the	   Milestone	   KOS	   Microwave	   Histostation	   then	   processed	   into	   paraffin	  
wax	  using	   the	  Excelsior	  E3	  Thermo	  Fisher	  Scientific	   system.	  Later	   in	   the	  study	  
they	   were	   then	   processed	   into	   paraffin	   wax	   using	   the	   Excelsior	   E3	   Thermo	  
Fisher	   Scientific	   protocol	   with	   Histoclear	   (Thermofisher	   Scientific)	   as	   a	  
substitute	   for	   xylene.	   Paraffin	   embedding	   was	   carried	   out	   using	   the	   Shandon	  
Histocenter	   2	   machine.	   The	   paraffin-­‐embedded	   rafts	   were	   trimmed	   of	   excess	  
paraffin	   then	   cut	   into	   4	   or	   10μm	   sections	   using	   a	  microtome	   (Leica	   RM2025).	  
The	   sections	   were	   mounted	   on	   Histobond+	   slides	   (Marienfeld,	   Germany)	   for	  
haemotoxylin	  and	  eosin	  staining,	   then	  were	  dried	  at	  37°C	  overnight	  or	  at	  60°C	  
for	   1	   h/6	   h.	   100%	   of	   paraffin	   embedding	   processes	   and	   50%	   microtome	  
sectioning	  were	  carried	  out	  by	  staff	  at	  the	  Histology	  Services	  Unit,	  Department	  of	  
Pathology,	  University	  of	  Otago.	  
	  
2.7.4.	  Haematoxylin	  and	  eosin	  (H&E)	  Staining	  
Paraffin-­‐embedded	  sections	  were	  deparaffinised	  by	  two	  2	  min	  washes	  in	  xylene	  
or	  Histoclear,	   then	  were	  transferred	   into	  100%	  ethanol	   for	  2	  min.	  The	  sections	  
were	   then	   rehydrated	   by	   sequential	   1	   min	   washes	   in	   95%	   ethanol	   and	   70%	  
ethanol	   followed	   by	   a	   30	   sec	   wash	   in	   distilled	   water.	   Each	   section	   was	   then	  
stained	   with	   Gill’s	   II	   Haematoxylin	   (BioStrategy,	   NZ)	   for	   4	   min	   followed	   by	  
sequential	  2-­‐5	  min	  washes	   in	  Scott’s	  water	   then	  distilled	  water	   again.	   Sections	  
were	  then	  counterstained	  with	  0.2%	  eosin	  (Leica	  Biosystems,	  Germany)	  in	  95%	  




dehydrated	  by	  three	  30	  sec	  washes	  in	  100%	  ethanol	  then	  three	  2	  min	  washes	  in	  
xylene	  or	  5	  min	  washes	  in	  Histoclear.	  Coverslips	  were	  mounted	  over	  the	  stained	  
sections,	   sealed	   with	   clear	   nail	   polish	   and	   allowed	   to	   dry.	   Photographs	   of	   the	  
stained	  sections	  were	  taken	  using	  an	  upright	  light	  microscope	  (Olympus	  BX51).	  
The	  Histology	  Services	  Unit	  carried	  out	  H&E	  staining	  procedures	  with	  xylene.	  
	  
2.7.5.	  Thermal	  injury	  
Thermal	  injuries	  were	  administered	  after	  removing	  the	  insert	  from	  the	  well	  and	  
placing	  it	  on	  a	  flat	  surface	  (using	  a	  petri	  dish).	  A	  3	  mm	  copper	  rod	  was	  heated	  to	  
92°C	   in	  a	  water	  bath	  and	   left	   to	  cool	   to	  80°C	  (checked	  by	  thermometer)	  before	  
one	  burn	  was	  made	  to	  each	  raft.	  The	  top	  of	  the	  raft	  was	  washed	  to	  remove	  dead	  
cells	   using	   PBS	   and	   then	   media	   from	   the	   bottom	   well	   removed/collected	   and	  
replaced	  with	   raft	  media	   containing	   10%	  FCS,	   then	   rafts	  were	   incubated	   for	   4	  
days.	  At	  each	  of	  the	  time	  points	  0,	  1,	  2,	  3,	  4	  days	  supernatant	  was	  collected	  and	  
stored,	   and	   rafts	   were	   stained	   with	   neutral	   red	   then	   photographed	   using	  
Olympus	   TH4200.	   Cell-­‐free	   supernatant	   was	   stored	   at	   -­‐80°C	   prior	   to	   enzyme-­‐
linked	  immunosorbent	  assays	  (ELISA)	  and	  gelatin	  zymography	  analysis.	  
	  
2.8.	  2D	  Keratinocyte	  model	  	  
	  
2.8.1.	  Thermal	  injury	  model	  
A	  24	  well	  plate	  was	  coated	   in	  300	  μL	  of	  0.1%	  gelatin	  w/v	  (Sigma,	   in	  deionised	  
water	  and	  autoclaved)	  and	  incubated	  for	  30	  min	  at	  37°C	  in	  5%	  CO2.	  HaCaT	  cells	  
were	  then	  seeded	  at	  1	  x105	  cells/mL	  in	  1	  mL	  of	  cDMEM	  per	  well.	  The	  cells	  were	  
incubated	  until	  70%	  confluent	   then	   the	  media	  was	  removed	  and	  replaced	  with	  
assay	  media	   (see	   2.1).	  When	   the	   cells	   were	   100%	   confluent,	   supernatant	   was	  
removed,	  collected	  then	  wells	  washed	  with	  PBS.	  Three	  instruments	  and	  methods	  
were	   trialled	   to	   create	   reproducible	   thermal	   wounds	   (Appendix	   1:	   Table	   S1),	  
where	   a	   3	   mm	   copper	   rod	   was	   the	   successful	   implement.	   Copper	   rods	   were	  
heated	   in	   a	   92°C	   water	   bath	   for	   40	   min.	   Each	   rod	   was	   left	   to	   cool	   to	   80°C	  
(checked	   by	   thermometer)	   before	   applying	   to	   the	   monolayer	   for	   10	   sec.	   The	  
wells	  were	  then	  washed	  twice	  with	  0.5	  mL	  PBS	  to	  remove	  damaged	  cells	  and	  1mL	  




were	  healed	  (4	  days)	  and	  photographs	  were	  taken	  with	  the	  Olympus	  TH4200	  using	  
the	  software	  cellSens	  (Olympus,	  Life	  sciences	  download	  2009).	  Wound	  closure	  rate	  
was	   measured	   using	   the	   software	   Fiji	   (Downloaded	   from	   https://fiji.sc/	   2016)	   to	  
calculate	  wound	  area	  and	  results	  expressed	  as	  a	  percentage	  of	  original	  wound	  area.	  
From	  each	  well,	  1	  mL	  of	  supernatant	  was	  collected	  daily	  followed	  by	  replacement	  of	  
fresh	   assay	   medium.	   Cell-­‐free	   supernatants	   were	   stored	   at	   -­‐80°C	   prior	   to	   their	  
analysis	  in	  ELISAs	  and	  gelatin	  zymography	  assays.	  	  
	  
2.8.2.	  2D	  Keratinocyte	  Infection	  Model	  
Thermal	   injuries	   were	   created	   in	   2D	   keratinocyte	   cultures	   in	   a	   24	   well	   plate	   as	  
previously	   described	   above.	   Following	   the	   PBS	   washes,	   triplicate	   wells	   were	  
inoculated	  with	  bacteria	  diluted	  in	  a	  400	  μL	  volume	  (200	  μL	  DMEM	  +	  200	  μL	  of	  the	  
10-­‐7	  bacterial	  suspension,	  section	  2.4,	  approximately	  25	  -­‐	  50	  organisms	  per	  well).	  The	  
plate	  containing	  the	  bacteria	  was	  then	  centrifuged	  at	  1000	  g	  for	  2	  min	  (Letourneau	  et	  
al.,	  2011)	  then	  incubated	  at	  37°C	  in	  5%	  CO2	  for	  30	  min.	  The	  bacterial	  suspension	  was	  
then	   removed	   and	   cells	   washed	   with	   200	   μL	   of	   PBS	   to	   remove	   any	   unattached	  
bacteria,	   before	   1	  mL	   assay	  medium	   (without	   antibiotics)	  was	   added.	   Plates	  were	  
then	   incubated	   for	   four	   days.	   One	   plate	   was	   set	   up	   for	   each	   bacterial	   type	   and	  
contained:	   three	  wells	  assigned	  to	  controls	  (thermal	   injury	  with	  media	  only);	   three	  
wells	  with	  a	  thermal	  injury	  and	  an	  inoculation	  of	  bacteria;	  and	  four	  wells	  with	  intact	  
monolayers,	  two	  inoculated	  with	  bacteria	  and	  two	  with	  media	  only.	  Three	  biological	  
repeats	  were	  carried	  out	  for	  each	  of	  the	  six	  bacteria.	  Wells	  were	  eliminated	  from	  the	  
experiment	  if	  cells	  no	  longer	  looked	  healthy	  from	  unexplainable	  causes,	  where	  cells	  
(30	  -­‐	  100%)	  looked	  as	  though	  they	  had	  been	  trypsinised	  before	  thermal	  injury	  was	  
administered	   or	   within	   the	   first	   24	   h	   with	   no	   association	   with	   the	   burned	   area.	  
Supernatant	  (1	  mL)	  was	  collected,	  and	  replaced	  with	  fresh	  media,	  prior	  to	  and	  daily	  
for	   the	   four	   days	   after	   thermal	   injury,	   unless	   cell	   obliteration	   occurred	   due	   to	   the	  
presence	  of	  bacteria.	  No	  bacterial	  viable	  counts	  were	  performed	  on	  supernatant.	  The	  
cell-­‐free	   supernatants	   were	   stored	   at	   -­‐80°C	   prior	   to	   testing	   in	   ELISA	   and	   gelatin	  
zymography	   assays.	   Photographs	   of	   the	   infected	   burns	   were	   taken	   daily	   using	  






2.8.3.	  Visualisation	  of	  bacterial	  attachment	  	  
Chamber	  slides	  (4	  well,	  sterile	  with	  lid,	  Thermo	  Scientific)	  were	  set	  up	  using	  the	  
2D	   keratinocyte	   infection	   method	   described	   above.	   One	   replicate	   for	   each	  
bacterium	  was	  carried	  out	  due	  to	  resource	  limitations.	  Each	  well	  contained	  either	  
a	  thermal	  wound	  from	  a	  3	  mm	  copper	  rod	  heated	  to	  92°C	  then	  cooled	  to	  80°C	  or	  
unwounded	  monolayer.	  Two	  bacterial	  dilutions	  were	  used	  to	  inoculate	  wells;	  10-­‐1	  
to	  visualise	  the	  initial	  attachment	  at	  time	  (t)	  =	  0,	  and	  10-­‐7	  to	  mimic	  the	  infection	  
model	  above	  for	  the	  remaining	  time	  points	  1,	  2,	  3,	  and	  4	  days.	  Slides	  could	  not	  be	  
centrifuged	  so	  were	  left	  to	  incubate	  after	  inoculation	  for	  2	  h	  at	  37°C	  in	  5%	  CO2	  to	  
allow	   for	   bacterial	   attachment.	   The	   bacterial	   suspension	   was	   then	   removed,	  
washed	  with	  PBS	  and	  replaced	  with	  1	  mL	  assay	  media	  (without	  antibiotics)	  and	  
incubated	  at	  37°C	   in	  5%	  CO2.	  Supernatant	  was	  collected	   	  (for	  viable	  counts)	  and	  
fresh	   media	   replaced	   every	   24	   h.	   Chamber	   slides	   were	   Gram	   stained	   at	   the	  
corresponding	  times	  points	  of	  1,	  2,	  3,	  and	  4	  days,	   if	   the	  HaCaT	  monolayers	  were	  
still	  intact.	  Chamber	  slides	  for	  (t)	  =	  0	  (initial	  attachment)	  were	  left	  to	  incubate	  for	  
1	  h	  in	  assay	  medium	  prior	  to	  gram	  staining.	  	  
	  
2.9.	  Gram	  stain	  
Chamber	  slides	  were	  stained	  by	  the	  gram	  stain	  method	  (BD	  Biosciences)	  following	  
the	  manufacturer’s	  instructions.	  Slides	  were	  air-­‐dried	  then	  slightly	  heat	  fixed	  over	  
flame,	   stained	  with	  Gram	   crystal	   violet	   for	   60	   sec	   and	   then	  washed	   gently	  with	  
water.	  Gram’s	  iodine	  was	  then	  added	  to	  slides	  for	  60	  sec	  then	  washed	  off	  in	  water.	  	  
Alcohol	  to	  decolourise	  was	  added	  to	  the	  slides	  until	  stain	  ceased	  to	  run	  freely	  and	  
slides	  were	  rinsed	  with	  water.	  Gram	  safranin	  counterstain	  was	  applied	  for	  60	  sec,	  
then	  washed	  with	  water	  and	  left	  to	  dry	  before	  visualising	  and	  photographing	  using	  
an	  Olympus	  BX51	  microscope	  with	  cellsSens	  software.	  	  
	  
2.10.	  Enumeration	  of	  gram	  stained	  bacteria.	  
Cells	  were	  stained	  a	  light	  pink-­‐orange	  and	  Staphylococcus	  stained	  purple.	  Bacterial	  
attachment	  counts	  on	  the	  unwounded	  monolayers,	  cells	  at	  the	  wound	  edge,	  and	  on	  
the	  plastic	   in	   the	  middle	  of	   the	  wound	  were	   carried	  out	  on	  10	   random	   fields	   of	  
view	   at	   100x	   magnification	   (Figure	   3).	   If	   the	   frame	   contained	   more	   than	   500	  











Figure	  3.	  Examples	  of	  photographs	  taken	  to	  quantify	  bacterial	  attachment	  
Photographs	   of	   gram	   stained	   chamber	   slides	   containing	   HaCaT	   cells	   and	   108	  
CFU/mL	  of	  S.	  lugdunensis.	  	  A)	  One	  field	  of	  view	  of	  the	  unwounded	  monolayer,	  B)	  
one	  field	  of	  view	  of	  the	  wounds	  edge	  and	  C)	  one	  field	  of	  view	  of	  the	  middle	  of	  the	  
wound	  were	  bacteria	   are	   attached	   to	   the	  plastic	   of	   the	   chamber	   slide.	   Photo	  B	  
and	  C	  were	  taken	  from	  the	  same	  wounded	  monolayer.	   	  HaCaT	  cells	  are	  stained	  
orange/pink	  and	  bacteria	  are	  stained	  dark	  purple/blue.	  To	  quantify	  the	  number	  
of	   bacteria,	   all	   bacteria	   in	   10	   fields	   of	   view	   were	   counted	   for	   unwounded	  
monolayers	   (A)	   and	   the	   middle	   of	   wound	   photographs	   (C).	   The	   number	   of	  
bacteria	  attached	   to	   the	  cells	  at	   the	  wound’s	  edge	  within	  10	   fields	  of	  view	  was	  
also	   counted	   (B).	   Images	  were	   taken	   at	   100x	  magnification	   and	   scale	  bar	  =	  20	  
μm.	  When	  bacteria	  exceeded	  500	  organisms	  per	  field	  of	  view	  the	  scoring	  system	  




















Figure	  4.	  Scoring	  system	  for	  determining	  bacterial	  attachment	  numbers.	  
Photographs	   of	   gram-­‐stained	   chamber	   slides	   showing	   increasing	   numbers	   of	  
uncountable	   bacteria	   stained	   dark	   purple/blue	   on	   HaCaT	   cells	   stained	  
orange/pink.	   Each	   field	   of	   view	   was	   taken	   at	   100x	   magnification.	   The	   scoring	  
system	   shown	   was	   devised	   to	   characterise	   the	   bacterial	   load	   on	   the	   chamber	  





2.11.	  Transwell	  supports	  
	  
2.11.1	  3D	  Skin	  Raft	  Culture	  using	  a	  Transwell	  Support	  
Transwell	  inserts	  (In	  Vitro	  Technologies),	  with	  10	  μm	  thick	  polyester	  membranes	  of	  
6.5	   mm	   diameter	   and	   pore	   size	   of	   0.4	   μm,	   were	   placed	   in	   a	   24	   well	   plate	   (Life	  
Sciences)	  then	  coated	  with	  1.3%	  collagen	  v/v	  (Rat	  tail	  collagen	  type	  1)	  filter	  sterilised	  
in	  milli-­‐Q	  water.	  The	  inserts	  were	  incubated	  for	  2	  h	  at	  37°C	  in	  5%	  CO2	  then	  dried	  at	  RT	  
for	  30	  min.	  Each	  insert	  was	  then	  seeded	  with	  3x105	  NHDFs	  in	  100	  μL	  of	  cDMEM.	  An	  
additional	  400	  μL	  of	  cDMEM	  was	  placed	  in	  the	  well	  below	  the	  insert	  before	  the	  cells	  
were	  incubated	  for	  7	  days	  in	  5%	  CO2	  at	  37°C	  in	  5%	  CO2.	  The	  media	  was	  then	  removed	  
from	  the	  insert	  and	  the	  well	  below.	  Matrigel	  was	  then	  diluted	  1:30	  in	  a	  1:1	  mixture	  of	  
DMEM	  and	  F12	  medium.	  A	  50	  μL	  aliquot	  of	  this	  mixture	  was	  added	  to	  each	  insert	  then	  
incubated	  for	  1	  h	  at	  37°C	  5%	  CO2.	  Each	  insert	  was	  then	  seeded	  with	  1.5x105	  HaCaTs	  
in	  100	  μL	  of	  cDMEM	  and	  incubated	  for	  1	  h	  at	  37°C	  in	  5%	  CO2	  before	  600	  μL	  of	  raft	  
growth	   medium	   was	   placed	   in	   the	   well	   below	   the	   insert.	   Then	   the	   plates	   were	  
incubated	  at	  37°C	  in	  5%	  CO2	  until	  a	  confluent	  layer	  of	  HaCaTs	  were	  observed	  (approx.	  
7	  days).	  	  The	  amount	  of	  media	  in	  the	  well	  below	  the	  insert	  was	  then	  adjusted	  so	  that	  
the	  cells	  were	  incubated	  at	  the	  air-­‐liquid	  interface	  for	  a	  further	  14	  days.	  The	  media	  in	  
the	   bottom	  well	   was	   changed	   (complete)	   every	   second	   day	   throughout	   the	   entire	  
incubation	   period.	   	   Rafts	   that	  were	   going	   to	   be	   processed	   for	   histological	   analyses	  
were	  fixed	  in	  zinc	  salts	  overnight	  then	  placed	  in	  70%	  alcohol	  prior	  to	  being	  embedded	  
in	  paraffin.	  
	  
2.11.2.	  Paraffin	  embedding	  and	  sectioning	  
Transwell	  rafts	  stored	  in	  70%	  ethanol	  were	  dehydrated	  and	  processed	  into	  paraffin	  
wax	  using	  the	  Excelsior	  E3	  Thermo	  Fisher	  Scientific	  protocol	  (Histoplast	  PE,	  Thermo	  
Scientific).	   Paraffin	   embedding	   was	   carried	   out	   using	   the	   Shandon	   Histocenter	   2	  
machine.	  The	  paraffin-­‐embedded	  rafts	  were	  trimmed	  of	  excess	  paraffin	  then	  cut	  into	  
4	  or	  10	  μm	  sections	  using	  a	  microtome	  (Leica	  RM2025).	  The	  sections	  were	  mounted	  
on	  Histobond+	   slides	   (Marienfeld)	   for	   haemotoxylin	   and	   eosin	   staining,	   then	  were	  
dried	  at	  37°C	  overnight	  or	  at	  60°C	   for	  1	  h/6	  h.	  Staff	  at	   the	  Histology	  Services	  Unit,	  





2.11.3	  Haematoxylin	  and	  Eosin	  (H&E)	  Staining	  
Paraffin-­‐embedded	  sections	  were	  deparaffinised	  by	  two	  2	  min	  washes	  in	  xylene	  
then	   were	   transferred	   into	   100%	   ethanol	   for	   2	   min.	   The	   sections	   were	   then	  
rehydrated	   by	   sequential	   1	   min	   washes	   in	   95%	   ethanol	   and	   70%	   ethanol	  
followed	  by	  a	  30	  sec	  wash	  in	  water.	  Each	  section	  was	  then	  stained	  with	  Gill’s	  II	  
Haematoxylin	  (BioStrategy)	  for	  4	  min	  followed	  by	  sequential	  2-­‐5	  min	  washes	  in	  
water,	  Scott’s	  water	  then	  water	  again.	  The	  section	  was	  then	  counterstained	  with	  
0.2%	  eosin	  in	  95%	  ethanol	  (Leica	  Biosystems)	  for	  1	  min	  and	  was	  then	  washed	  in	  
water	   for	   30	   sec.	   The	   section	  was	   then	   dehydrated	   by	   three	   30	   sec	  washes	   in	  
100%	  ethanol	   then	   three	   2-­‐5	  min	  washes	   in	   Xylene.	   Coverslips	  were	  mounted	  
over	   the	   stained	   sections,	   sealed	   with	   clear	   nail	   polish	   and	   allowed	   to	   dry.	  
Photographs	   of	   the	   stained	   sections	   were	   taken	   using	   an	   Olympus	   BX51	  
microscope.	  The	  Histology	  Services	  Unit	  carried	  out	  H&E	  staining	  procedures.	  
	  
2.11.4.	  Skin	  Raft	  Thermal	  Injury	  Model	  	  
Thermal	  injuries	  were	  administered	  after	  removing	  the	  insert	  from	  the	  well	  and	  
placing	  it	  on	  a	  flat	  surface	  (using	  a	  pretri	  dish).	  A	  3	  mm	  copper	  rod	  was	  heated	  to	  
92°C	  in	  a	  water	  bath	  and	  left	  to	  cool	  to	  80°C	  before	  one	  burn	  was	  made	  to	  each	  
raft.	  The	  surface	  of	  the	  raft	  was	  then	  washed	  to	  remove	  dead	  cells	  using	  PBS	  and	  
then	   media	   in	   the	   bottom	   well	   was	   removed	   and	   replaced	   with	   raft	   media	  
containing	  0.5%,	  5%	  or	  10%	  FCS,	  then	  rafts	  were	  incubated	  for	  4	  days	  at	  37°C	  in	  
5%	  CO2.	  At	  each	  of	  the	  time	  points	  0,	  1,	  2,	  3,	  4	  days	  rafts	  (with	  or	  without	  neutral	  
red	  staining)	  were	  photographed	  using	  an	  Olympus	  TH4200	  microscope.	  
	  
2.	  11.5	  Neutral	  red	  staining	  
Media	  was	  removed	  from	  the	  well	  containing	  the	  insert	  to	  be	  stained.	  Rafts	  were	  
gently	  washed	  once	  with	  PBS	  then	  50	  μL	  of	  neutral	  red	  (Sigma)	  was	  added	  for	  5	  
min.	  Then	   rafts	  were	  gently	  washed	   in	   copious	  amounts	  of	  PBS	   for	  2	  min.	  The	  
PBS	  was	  removed	  and	  50	  μL	  of	  PBS	  was	  added	  to	  the	  surface	  of	  the	  raft,	  then	  the	  
raft	  was	   visualised	  using	  Olympus	  TH4200	  microscope.	  The	  PBS	  was	   removed	  






2.11.6.	  Thermal	  injury	  model	  using	  Transwell	  skin	  rafts	  with	  bacteria	  
Raft	  cultures	  were	  grown	  on	  the	  Transwell	  membranes	  and	  wounded	  as	  stated	  
above.	  Three	  rafts	  were	  used	  as	  controls	  (no	  bacteria),	  and	  three	  rafts	  with	  the	  
addition	   of	   S.	  epidermidis	   or	  S.	  aureus.	   After	   injury	   and	   a	   PBS	  wash,	   200	   μL	   of	  
bacterial	  suspension	  (10-­‐7	  dilution	  in	  DMEM)	  was	  added	  to	  the	  rafts	  allocated	  for	  
inoculation.	   The	   rafts	   were	   then	   incubated	   for	   2	   h	   in	   5%	   CO2	   at	   37°C.	   The	  
bacterial	   dilution	  was	   removed	   and	   rafts	  washed	  with	   PBS,	   then	   the	  media	   in	  
lower	   well	   was	   replaced	   with	   assay	   medium	   containing	   5%	   FCS	   (with	   no	  
antibiotics)	   and	   incubated	   for	   4	   days	   at	   37°C	   in	   5%	   CO2.	   At	   each	   of	   the	   time	  
points	   0,	   1,	   2,	   3,	   4	   days	   unstained	   rafts	   were	   photographed	   using	   Olympus	  
TH4200	  microscope.	  When	  the	  experiment	  was	  finished	  viable	  bacterial	  counts	  
were	   carried	   out	   in	   two	  ways.	   Firstly	   50	   μL	   of	   PBS	  was	   used	   to	  wash	   the	   raft	  
surface	  and	  collect	  any	  unattached	  bacteria,	  and	  then	  secondly	  bacteria	  attached	  
to	   the	   raft	  were	   removed	   from	   the	   cells	  by	  disrupting	   the	   cells	  with	  100	  μL	  of	  
Triton	   X100	   (BDH	   laboratories).	   The	   resulting	   solution	   was	   pipetted	   up	   and	  
down	  once	  the	  cells	  were	  disrupted	  and	  used	  for	  bacterial	  counts.	  Dilutions	  (10-­‐
fold)	  were	  made	  and	  viable	  counts	  performed	  as	  previously	  described	  in	  section	  
2.5.	  	  
	  
2.12.	  Enzyme-­‐linked	  Immunosorbent	  Assay	  (ELISA)	  	  
The	   levels	   of	   IL-­‐1β,	   IL-­‐6	   and	   IL-­‐8	   protein	   in	   the	   culture	   supernatant	   were	  
assessed	   using	   BD	   Bioscience	   Human	   ELISA	   kits	   following	   manufacturer’s	  
instructions.	  Microtitre	  plates	  (96	  well,	  NUNC-­‐Immuno	  475094)	  were	  incubated	  
at	   4°C	   overnight	  with	   a	   1:250	  dilution	  of	   capture	   antibody	   in	   50	  μL	  of	   coating	  
buffer	  (0.1M	  sodium	  carbonate,	  pH	  9.5).	  Plates	  were	  washed	  3	  times	  with	  wash	  
buffer	   (PBS	   containing	   0.05%	   Tween-­‐20)	   then	   blocked	   with	   100	   μL	   of	   assay	  
diluent	  (1%	  bovine	  serum	  albumin	  in	  PBS	  (BSA,	  MP	  Biomedical))	  for	  1	  h	  at	  RT.	  	  
After	  washing	  3	  times	  with	  wash	  buffer,	  50	  μL	  aliquots	  of	  the	  protein	  standards	  
(3.1-­‐200	   pg/mL	   IL-­‐8,	   4.7-­‐300	   pg/mL	   IL-­‐6,	   3.9-­‐250	   pg/ml	   IL-­‐1β)	   and	   culture	  
supernatants	  were	  loaded	  into	  the	  wells	  and	  plates	  were	  incubated	  at	  RT	  for	  2	  h.	  
The	   plates	   were	   then	   washed	   5	   times	   with	   wash	   buffer.	   For	   IL-­‐8	   and	   IL-­‐6	  
detection,	  50	  μL	  of	  working	  detector	  (1:500	  dilution	  of	  detection	  (biotinylated)	  




horseradish	   peroxidase	   (HRP)	   in	   assay	   diluent)	  were	   then	   added	   to	   the	  wells.	  
For	   IL-­‐1β	   detection,	   antibody	   and	   enzyme	   reagent	   were	   added	   separately.	   A	  
1:500	  dilution	  of	  detection	  (biotinylated)	  antibody	  in	  assay	  diluent	  was	  added	  to	  
plates,	   incubated	   at	   RT	   for	   1	   h,	   and	   then	  washed	   5	   times.	   A	   1:250	   dilution	   of	  
enzyme	   reagent	   in	   assay	   diluent	   was	   then	   added	   and	   plates	   incubated	   for	   a	  
further	  30	  min	  at	  RT.	  Plates	  then	  received	  seven	  30	  sec	  washes	  after	  which	  50	  μL	  
of	   3,3’,	   5,5’-­‐tetramethybenzidine	   (TMB,	   Life	   Technologies)	   was	   added	   to	   each	  
well	   and	   incubated	   in	   the	   dark	   for	   30	  min.	   To	   stop	   the	   reaction,	   50	   μL	   of	   2N	  
H2SO4	   was	   added	   to	   each	   well	   and	   the	   absorbance	   was	   read	   at	   450	   nm	   in	  
microtitre	  plate	   reader	   (BioRad,	  model	   550).	  The	  program	  associated	  with	   the	  
plate	   reader	   produced	   the	   standard	   curve	   and	   equation	   to	   calculate	   sample	  
concentrations.	  
	  
The	   levels	   of	   human	   β-­‐defensin-­‐2	   (HBD-­‐2)	   and	   human	   β-­‐defensin-­‐3	   (HBD-­‐3)	  
peptide	   levels	   in	   supernatant	   were	   assessed	   using	   ELISA	   development	   kits	  
following	   manufacturer’s	   instructions	   (PeproTech).	   Microtitre	   plates	   were	  
incubated	   overnight	   at	   RT	  with	   50	   μL	   of	   diluted	   capture	   antibody	   in	   PBS	   to	   a	  
concentration	   of	   50	   μg/mL.	   Plates	   were	   washed	   4	   times	   in	   wash	   buffer	   then	  
blocked	  with	  50	  μL	  block	  buffer	  (1%	  BSA	  in	  PBS)	  for	  1	  h	  at	  RT.	  Plates	  were	  then	  
washed	   4	   times	   with	   wash	   buffer,	   then	   50	   μL	   aliquots	   of	   standards	   (16-­‐2000	  
pg/mL	  HBD-­‐2,	  63-­‐4000	  pg/mL	  HBD-­‐3)	  and	  culture	  supernatant	  were	  loaded	  into	  
wells	  and	  plates	   incubated	  at	  RT	   for	  2	  h.	  Plates	  were	  then	  washed	  4	   times	  and	  
detection	  antibody	  diluted	  in	  assay	  diluent	  (0.05%	  Tween-­‐20,	  0.1%	  BSA	  in	  PBS)	  
to	  0.5	  μg/mL	  was	  added	  to	  wells	  and	  incubated	  at	  RT	  for	  2	  h.	  Plates	  were	  then	  
washed	  4	  times	  before	  receiving	  1:2000	  dilution	  of	  streptavidin-­‐HRP	  conjugate	  
in	   assay	   diluent,	   then	   incubated	   30	   min	   at	   RT.	   Finally,	   plates	   were	   washed	   4	  
times	   and	   50	   μL	   of	   2,2’-­‐Azino-­‐bio(3-­‐ethylbenzothiazolite-­‐6-­‐sulfonic	   acid)	  
substrate	   (ABTS,	   Life	   Sciences)	   added	   to	   each	   well.	   Absorbance	   was	   read	   at	  
wavelength	  405	  nm	  (Varrioskan	  Flash,	  Thermo	  Fisher	  Scientific)	  with	  correction	  
set	   at	   650	  nm	  at	   5	  min	   intervals.	   The	   reading	   selected	  had	  <0.2	  units	   for	   zero	  






2.13.	  Gelatin	  Zymography	  
Gelatin	  zymography	  was	  performed	  using	  a	  10%	  SDS-­‐PAGE	  gel	  saturated	  with	  1	  
mg/mL	  gelatin	  (Appendix	  1,	  Recipes	  1	  -­‐	  5).	  Supernatant	  was	  diluted	  1:1	  in	  non-­‐
denaturing	  sample	  buffer	  (Appendix	  2,	  Recipe	  6)	  then	  incubated	  at	  RT	  for	  10	  min	  
before	   electrophoresis	   in	   running	   buffer	   (Appendix	   2,	   Recipe	   7)	   at	   a	   constant	  
100	  V	   for	  2	  h.	  The	  gels	  were	  then	   incubated	   in	  re-­‐naturing	  buffer	  (Appendix	  2,	  
Recipe	   8),	   at	   RT	   for	   1	   h,	   followed	   by	   an	   overnight	   incubation	   at	   37oC	   in	  
developing	   buffer	   (Appendix	   2,	   Recipe	   9).	   The	   gels	   were	   stained	   with	   0.5%	  
Coomassie	   blue	   (Appendix	   2,	   Recipe	   10)	   for	   30	   min	   followed	   by	   subsequent	  
destaining	   (Appendix	   2,	   Recipe	   11).	   The	   gels	   were	   dried	   in	   DrygelSr	   (Hoefer	  
Scientific	  instruments,	  USA)	  for	  2	  h	  then	  photographed,	  and	  the	  density	  and	  area	  
of	  gelatinolytic	  activity	  quantified	  using	  Image	  Studio™	  Lite	  (LI-­‐COR	  Biosciences,	  
Image	  Studio™	  Litesoftware	  download)	  and	  background	  staining	  was	  subtracted.	  	  
	  
2.14.	  Statistical	  analysis	  
Wound	  closure	  rate	  for	  2D	  keratinocyte	  thermal	  injury	  and	  the	  2D	  keratinocyte	  
infection	  model	  is	  presented	  as	  dot	  plots	  showing	  all	  data	  points.	  To	  determine	  if	  
replicate	  data	  was	  normally	  distributed,	   the	  D’Agostino-­‐Pearson	  normality	   test	  
on	  Graphpad	  PRISM	  was	  used.	  Replicate	  data	  for	  wound	  closure	  rate	  of	  controls	  
(wounds	   with	   no	   bacteria)	   had	   varied	   distributions	   at	   each	   time	   point,	   some	  
normal	  and	  some	  skewed.	  Therefore	  non-­‐parametric	  analysis	  was	  performed	  on	  
wound	  closure	  rate	  data.	  Statistical	  analysis	  of	  the	  wound	  closure	  rate	  data	  was	  
performed	   in	   Graphpad	   PRISM	   using	   Mann-­‐Whitney	   u-­‐tests	   to	   compare	   the	  
distribution	  of	  control	  wounds	  and	  wounds	  with	  bacteria	  at	  each	  individual	  time	  
point	   to	   identify	   significant	   differences	   (P<0.05).	   The	   degree	   of	   statistical	  
significance	   calculated	  by	   the	  Mann-­‐Whitney	   test	   is	  presented	  on	   the	  dot	  plots	  
using	   asterisks	   (*=	   0.05	   ≥	  P	   ≥	   0.01,	   	   **	   =	   0.01	   >	  P	   ≥	   0.001,	   	   ***	   =	   0.001	   >	  P	   ≥	  
0.0001,	   	   ****	  =	  P	   <	  0.0001).	  For	   the	  2D	  keratinocyte	   infection	  model	   statistical	  
analyses	  were	  only	  applicable	  in	  wound	  comparisons	  where	  n	  ≥	  4.	  Initially	  n	  =	  9	  
for	  each	  of	   the	  control	  wounds	  and	  wounds	  with	  bacteria,	  unless	   the	   following	  
occurred;	  cells	  looked	  unhealthy	  from	  some	  unexplained	  cause,	  where	  cells	  (30	  -­‐	  
100%)	   in	   the	   monolayer	   looked	   as	   though	   they	   had	   been	   trypsinised	   before	  




independently/away	   from	   the	   burned	   area.	   Therefore	   the	   well	   was	   removed	  
entirely	   from	   data	   set.	   Those	   HaCaT	   monolayers	   that	   were	   obliterated	   in	  
response	   to	   increasing	  numbers	  of	   bacteria	   in	   the	  well	  would	   reduce	  n	   at	   that	  
time	  point	  and	  subsequent	  time	  points.	  Therefore	  two-­‐way	  ANOVA	  could	  not	  be	  
performed	   on	   time	   course	   data	   due	   to	   missing	   values	   where	   n	   numbers	   had	  
reduced.	   This	   is	   a	   small	   and	   exploratory	   study,	   so	   no	   adjustment	   for	  multiple	  
comparisons	  was	  made.	  
	  
Wound	   closure	   rate	   for	   thermal	   injury	   with	   bacteria	   in	   the	   3D	   Transwell	   raft	  
model	  is	  presented	  as	  a	  dot	  plot.	  N	  =	  3	  was	  too	  small	  to	  assess	  normality	  using	  
the	  D’Agostino-­‐Pearson	   normality	   test	   on	   Graphpad	   PRISM.	   To	   keep	   statistical	  
analyses	   consistent	   it	   was	   assumed	   that	   data	   was	   non	   parametric.	   Non-­‐
parametric	   analysis	   was	   performed	   on	   wound	   closure	   rate	   data.	   However	   to	  
obtain	  any	  statistical	  significance	  with	  a	  Mann-­‐Whitney	  u-­‐test	  n	  needs	  to	  be	  >	  4,	  
this	  test	  will	  always	  be	  non-­‐significant	  if	  n	  <	  4.	  Therefore	  no	  statistical	  analysis	  
was	  performed.	  	  






3.1.	  Introduction	  	  
The	  aim	  of	  this	  study	  is	  to	  examine	  the	  effects	  of	  staphylococcal	  skin	  microbes	  on	  
the	   skin	   repair	   processes	   following	   injury.	   Animal	   models	   are	   widely	   used	   to	  
study	  wound	   repair	   but	   they	   differ	   from	   human	   skin	   and	   are	   costly	   and	   time	  
consuming.	  However	  in	  vitro	  models	  such	  as	  those	  utilising	  human	  keratinocytes	  
can	   however	  mimic	   the	   epithelialisation	   process	   observed	   in	  vivo	  (Liang	   et	   al.,	  
2007).	   Human	   skin	   raft	   cultures,	   in	  which	   a	  multilayered	   epidermis	   is	   formed	  
over	  a	   fibroblast-­‐populated	  dermis,	  may	  provide	  a	  more	  accurate	  model	  of	   the	  
surface	  to	  which	  bacteria	  attach	  (Holland	  et	  al.,	  2008).	  Skin	  raft	  cultures	  are	  also	  
thought	   to	   respond	   in	   a	  manner	  more	   consistent	  with	   human	   skin,	   producing	  
inflammatory	   cytokines	   and	   degradative	   enzymes	   following	   bacterial	  
colonisation	  (Xu	  et	  al.,	  2012).	  The	  initial	  objective	  of	  this	  study	  was	  to	  establish	  
working	   in	  vitro	  skin	  models	   for	  thermal	   injury	  using	  a	  2D	  human	  keratinocyte	  
monolayer	   model	   as	   well	   as	   a	   3D	   organotypic	   skin	   raft	   model.	   The	   second	  
objective	  was	  to	  use	  these	  models	  to	  compare	  the	  effects	  of	  resident	  skin	  CoNS	  
(S.	   epidermidis,	   S.	   lugdunensis,	   S.	   haemolyticus,	   S.	   hominis,	   S.	   capitis)	   and	  
pathogenic	   S.	   aureus	   on	   the	   healing	   process.	   My	   hypotheses	   were:	   (i)	   the	   3D	  
human	   skin	   raft	   cultures	   would	   provide	   a	   more	   accurate	   model	   for	   thermal	  
injury	  compared	  to	  human	  keratinocyte	  monolayers,	  and	  (ii)	  that	  the	  previously	  
unstudied	  CoNS	  may	   affect	  wound	  healing	  more	   than	  S.	  epidermidis	   but	   not	   to	  
the	  extent	  of	  S.	  aureus.	  	  
	  
3.2.	  Alvetex	  scaffolds	  for	  a	  full	  thickness	  skin	  model.	  
The	  initial	  objective	  was	  to	  grow	  full	  thickness	  skin	  rafts	  using	  Alvetex	  scaffolds.	  
These	   are	   advertised	   by	   Reinnervate	   (Quick	   start	   protocol-­‐	   Alvetex®Scaffold,	  
2015)	   to	   support	   the	   formation	  of	  multi-­‐layered,	   high-­‐density	   cell	   populations,	  
which	  approximate	   the	   complexity	   and	   structure	  of	   in	  vivo	   tissues.	  The	  porous	  
matrix	   supports	   dermal	   fibroblast	   growth	   within	   its	   structure	   and	   when	   co-­‐
cultured	   with	   primary	   human	   keratinocytes,	   a	   terminally	   differentiated,	  




Trials	   to	   create	   a	   full	   thickness	   skin	   raft	   using	   primary	   and	   immortalised	   cell	  
lines	  were	   conducted	   for	   the	   first	   time	   in	   this	   laboratory.	  Development	  of	   skin	  
rafts	  with	   this	   scaffold	   took	   approximately	   2	  months	   to	   produce.	   To	   carry	   out	  
optimisation	   of	   the	   raft	   culturing	   conditions	   in	   the	   short	   time	   frame	   available,	  
rafts	   were	   set	   up	   in	   close	   succession	   with	   culturing	   changes	   made	   based	   on	  
observations	  prior	  to	  more	  detailed	  analyses.	  	  	  
	  
Firstly	   different	   cell	   seeding	   concentrations	   were	   trialled	   based	   on	   the	  
recommended	   optimal	   cell	   concentrations	   of	   0.25-­‐1x106	   cells/mL:	   3x105	  
cells/mL	  and	  5x105	  cells/mL	  for	  NHDF	  and	  HaCaTs,	  respectively.	  This	  produced	  
rafts	  with	  low	  cell	  density	  within	  the	  scaffold	  and	  a	  very	  thin	  epidermal	  layer	  of	  
about	  one	  cell	  thick	  (Figure	  5A	  and	  5B).	  Cells	  within	  the	  scaffold	  differed	  in	  cell	  
morphology	  (Figure	  5A	  and	  5B).	  Angular	  shaped	  cells	  consistent	  with	  the	  shape	  
known	   for	   fibroblasts	   (Hakkinen	   et	   al.,	   2011)	   were	   observed	   in	   the	   scaffolds	  
depicted	   in	   Figure	   5A,	   whereas	   the	   cells	   in	   Figure	   5B	   are	   more	   rounded	   and	  
assumed	  to	  be	  HaCaTs.	  Increasing	  the	  fibroblast	  concentration	  to	  1x106	  cells/mL	  
increased	   the	   cell	   density	   within	   the	   scaffold	   allowing	   for	   formation	   of	   an	  
epidermis	  approximately	  3	  -­‐	  4	  cells	  thick	  in	  some	  areas	  (Figure	  5C	  and	  5D)	  and	  
increasing	  keratinocyte	  concentration	  to	  1x106	  cells/mL	  produced	  areas	  within	  
the	   raft	   with	   a	   stratified	   epidermis	   and	   thin,	   squamous	   outer	   layer	   more	  
characteristic	  of	  human	  skin	  (Figure	  5E	  and	  5F).	  However,	  this	  was	  only	  seen	  in	  
small	  portions	  of	   the	  entire	  raft,	  as	   the	  cell	  density	  was	  highly	  variable	   (Figure	  
6A)	  and	  damage	  to	  the	  scaffold	  had	  occurred	  (Figure	  6B).	  














Figure	  5.	  Cell	  seeding	  concentrations	  for	  skin	  raft	  generation	  in	  Alvetex	  
scaffolds.	  
Photographs	   of	   paraffin-­‐embedded	   cross-­‐sections	   of	   mature	   skin	   rafts	  
stained	   with	   H&E.	   A-­‐B)	   Rafts	   generated	   using	   seeding	   concentrations	   of	  
3x105	  NDHFs	  and	  5x105	  HaCaTs.	  Photographed	  at	  x20	  magnification	  C)	  A	  raft	  
generated	   with	   1x106	   NDHFs	   and	   5x105	   HaCaTs	   (x20	   magnification),	   at	   a	  
higher	  magnification	  of	  x40	  in	  D.	  E)	  A	  raft	  generated	  with	  1x106	  NDHFs	  and	  
1x106	  HaCaTs	  (x20	  magnification),	  at	  a	  higher	  magnification	  of	  x40	  in	  F.	  A-­‐B,	  
D,	  F	  Scale	  bar	  =	  50	  μm.	  C,	  D	  Scale	  bar	  =	  100	  μm.	  Green	  dashed	  line	  indicates	  
epidermis,	  blue	  arrows	   indicate	   cell	  morphology	  differences	  and	  red	  arrow	  











































neven	  cell	  culture	  grow
th	  in	  Alvetex	  scaffolds.	  
Photographs	  of	  Expanded	  paraffin-­‐em
bedded	  cross	  section	  of	  m










aCaTs,	  black	  box	  indicates	  area	  used	  in	  Figure	  






aCaTs,	  Red	  dashed	  boxes	  indicate	  
areas	  w
ith	  dam
aged	  scaffold.	  	  Rafts	  A	  and	  B	  w
ere	  processed	  w










aCaTs,	  processed	  and	  stained	  using	  
H
istoclear	  w
ith	  obvious	  purple	  precipitate.	  Scale	  bar	  of	  200	  μm





An	   area	   of	   difficulty	   encountered	   using	   Alvetex	   rafts	   was	   the	   histological	  
processing,	  which	  had	  not	  been	  conducted	  previously	  at	  the	  University	  of	  Otago.	  	  
Alvetex	  scaffolds	  are	  made	  from	  polystyrene,	  which	  is	  sensitive	  to	  xylene	  and	  in	  
the	   presence	   of	   xylene	   the	   scaffolds	   can	   warp	   or	   dissolve	   causing	   cell	   loss	  
(Histology	  series	  part	  3,	  2015).	  This	  may	  explain	  why	  areas	  of	   the	   rafts	   lacked	  
cells	  seen	  in	  H&E	  sections	  (Figure	  6A	  and	  6B).	  Initially	  histology	  protocols	  were	  
adapted	  to	  eliminate	  the	  steps	  involving	  xylene	  due	  to	  no	  available	  substitute	  for	  
this	   clearing	   agent.	   Next,	   the	   clearing	   agent	   Histoclear,	   recommended	   by	   the	  
manufacturer	  of	  the	  scaffolds,	  was	  used	  during	  H&E	  staining,	  but	  the	  majority	  of	  
experiments	   had	   been	   conducted	   with	   the	   adapted	   method	   (section	   2.7.3	   in	  
methods).	   Histoclear	   processing	   following	   the	   Alvetex	   protocol	   for	   paraffin	  
embedding	   and	   staining	   caused	   clouding	   on	   90%	   of	   slides	   (Figure	   6C	   and	  
Appendix	  1;	   Figure	   S1).	   Therefore,	   alternative	   staining	   and	   visualising	  by	  non-­‐
toxic	  neutral	  red	  was	  also	  used	  to	  evaluate	  raft	  development.	  	  	  
	  
Next	  alterations	  in	  culture	  conditions	  were	  trialled	  to	  improve	  maturation	  of	  the	  
rafts.	   Changes	   trialled	   separately	   and	   in	   combination	   included;	   a	   1:4	   collagen-­‐
fibroblast	  mixture,	  addition	  of	  a	  matrigel	  layer	  before	  keratinocyte	  seeding,	  and	  a	  
cornification	   media	   for	   the	   final	   week	   of	   growth.	   None	   of	   the	   changes	   had	   a	  
positive	  effect	  on	  raft	  formation	  with	  the	  best	  areas	  of	  each	  raft	  shown	  in	  Figure	  
7.	   The	   histological	   method	   used	   here	   was	   changed	   from	   the	   adapted	   paraffin	  
embedding	   method	   to	   using	   the	   clearing	   agent	   Histoclear	   (section	   2.7.3	   in	  
methods).	  Histology	   images	  were	  disappointing	  and	   informative	  analysis	   could	  
not	  be	  undertaken,	  therefore	  the	  visualisation	  methods	  were	  switched	  to	  neutral	  
red	   to	   stain	   rafts	   during	   development.	   Neutral	   red	   staining	   revealed	   that	   the	  
addition	   of	   extra	   collagen	   prevented	   fibroblast	   migration	   and	   proliferation	  
within	  the	  scaffold	  with	  high	  cell	  density	  in	  one	  area	  compared	  to	  control	  (Figure	  
8A),	  and	  may	  have	  prevented	  HaCaT	  growth	  on	  the	  collagen-­‐fibroblast	  mixture	  
with	   the	   absence	   of	   a	   complete	   epidermis	   (Appendix	   1;	   Figure	   S2B	   and	   S2C).	  
Addition	   of	   a	   matrigel	   layer	   caused	   uneven	   HaCaT	   growth	   with	   areas	   of	   the	  
scaffold	  unpopulated	  with	  cells	  compared	  with	  control	  (Figure	  8B)	  and	  suggests	  
fibroblasts	  did	  not	  persist	  within	  the	  raft,	  (Figure	  8B	  III),	  This	  may	  also	  explain	  




media	   had	   an	   effect	   on	   epidermal	   stratification	   and	   cornification	   with	   the	  
epidermis	   being	   highly	   stratified	   with	   the	   absence	   of	   nuclei	   indicating	  
cornification	  (Figure	  7D).	  Unfortunately,	  the	  raft	  was	  so	  damaged	  that	  no	  other	  
cells	   were	   seen.	   However	   when	   using	   the	   neutral	   red	   stain	   at	   maturity,	   the	  
stained	  section	  showed	  a	  thicker	  raft	  when	  cornification	  media	  was	  used	  (Figure	  
8C).	  The	  broken	  scaffold	  seen	  in	  the	  Figure	  7D	  was	  most	  likely	  damaged	  during	  
histological	  processing.	  
	  
Despite	   all	   the	   above	   optimisation	   attempts,	   a	   full	   thickness	   skin	   raft	   that	  was	  
consistent	  along	  the	  entirety	  of	  the	  scaffold	  could	  not	  be	  produced.	  Neutral	  red	  
staining	  showed	  that	  the	  integrity	  of	  the	  skin	  raft	  after	  mature	  growth,	  continued	  
to	  worsen	   over	   the	   observed	   time	   period	   of	   four	   days	   (Figure	   9B).	   Attempted	  
thermal	   injury	   to	   the	   raft	   caused	   scaffold	   damage	   as	   shown	   by	   H&E	   staining	  
(Appendix	  1;	  Figure	  S3),	  which	  prevented	  cell	  migration	  and	  increased	  cell	  death	  
visualised	  by	  neutral	  red	  staining	  (Figure	  9A).	  Therefore,	  Alvetex	  skin	  rafts	  were	  
deemed	  unsuitable	  for	  a	  thermal	  injury	  model.	  	  

































Figure	  7.	  Alterations	  in	  culturing	  conditions	  did	  not	  improve	  mature	  raft	  
generation	  in	  Alvetex	  scaffolds.	  
	  Photographs	  of	  paraffin-­‐embedded	  cross-­‐sections	  of	  mature	  skin	  rafts	  stained	  
with	  H&E.	   	   A)	   Control	  with	   no	   further	   alterations	   to	  method,	   B)	   1:4	   ratio	   of	  
collagen	   to	   fibroblasts	   when	   seeding	   NHDF,	   C)	   Added	   matrigel	   coating	   of	  
fibroblasts	   before	   HaCaT	   seeding	   D)	   Addition	   of	   calcium	   chloride	   to	   create	  
cornification	   media	   used	   in	   final	   week	   of	   incubation,	   E)	   All	   changes	   used	  
during	  raft	  development.	  Images	  photographed	  at	  x20	  magnification	  with	  scale	  









































































Figure	  8.	  Effects	  of	  culture	  condition	  alterations	  on	  raft	  growth	  	  in	  Alvetex	  
scaffolds	  using	  neutral	  Red.	  
Photographs	  of	  Alvetex	  discs	   containing	   raft	   culture	   (macroscopic	   for	   I	   and	   II)	  
and	  within	  scaffold	  (microscopic	  for	  III,	   IV	  and	  V)	  during	  raft	  development	  and	  
stained	   with	   Neutral	   Red.	   A)	   Comparison	   of	   rafts	   grown	   with	   1:4	   ratio	   of	  
collagen	   to	   fibroblasts	   (I,	   III,	   IV)	   and	   control	   (II,	   V)	   one	   week	   after	   fibroblast	  
seeding.	   III	   indicates	   area	  with	  dense	  population	  of	   cells	   and	   IV	  with	   few	  cells	  
(photographed	  at	  magnification	  x20,	  scale	  bar	  =	  200	  μm)	  from	  raft	  I,	  blue	  arrows	  
indicate	  where	  photographs	  III	  and	  IV	  were	  taken	  from.	  Photograph	  V	  was	  taken	  
at	   x20	  magnification	  of	   the	   control	   raft,	   scale	  bar	  =	  200	  μm.	  B)	  Comparison	  of	  
raft	  with	  Matrigel	  layer	  added	  (I,	  III)	  compared	  to	  control	  (II,	  IV).	  I	  and	  IV	  were	  
photographed	  at	  x4	  magnification	  to	  observe	  differences	  in	  cell	  densities.	  Green	  
dashed	   line	   highlighting	   area	   absent	   or	   lacking	   in	   cells.	   Scale	   bar	   1000	   μm	   C)	  
Comparison	  of	  rafts	  grown	  with	  cornification	  media	   in	  the	   last	  week	  of	  growth	  
(I,	  III)	  and	  control	  (II,	  IV),	  and	  comparison	  of	  culture	  density	  (III,	  IV)	  taken	  at	  x20	  


































































Figure	  9.	  Thermal	  injury	  not	  compatible	  in	  Alvetex	  raft	  culture.	  	  
Photographs	  taken	  of	  mature	  skin	  rafts	  up	  to	  4	  days	  after	  thermal	  injury	  (A)	  
and	   the	   control	   (B).	   Development	   method	   was	   identical	   for	   both	   rafts	  
generated	  with	  1x106	  NDHFs	  and	  1x106	  HaCaTs.	  Day	  zero	  is	  day	  of	  skin	  raft	  
maturity	  and	  day	  the	  thermal	  injury	  was	  administrated.	  Disc	  =	  macroscopic	  






3.3.	  2D	  keratinocyte	  thermal	  injury	  model	  	  
	  
3.3.1.	  Optimisation	  	  
Following	   the	  difficulties	  encountered	  with	   the	  Alvetex	  scaffold	  a	  2D	  model	   for	  
thermal	  injury	  was	  created	  utilising	  human	  keratinocyte	  monolayers.	  An	  in	  vitro	  
scratch	   assay	   (Wong,	   2014)	   was	   adapted	   into	   a	   thermal	   injury	   model.	   	   Trials	  
were	   conducted	   utilising	   different	   cell	   matrices,	   burning	   instruments	   and	  
temperatures.	   Wells	   coated	   with	   0.1%	   gelatin	   improved	   cell	   adherence	   and	  
burns	   created	   with	   a	   copper	   rod	   created	   more	   consistent	   burns.	   A	   range	   of	  
temperatures	  was	   tested	   (65°C	   -­‐	   80°C	   at	   5°C	   intervals),	  where	   the	   rod	  was	   in	  
contact	  with	  the	  cells	  for	  5	  or	  10	  sec.	  An	  increase	  in	  temperature	  resulted	  in	  the	  
area	  of	  damage	  also	  increasing	  (Appendix	  1;	  Figure	  S4)	  resulting	  in	  a	  longer	  time	  
for	  wound	  closure	  to	  occur.	  Burns	  administered	  for	  a	  longer	  time	  also	  increased	  
the	  time	  for	  wound	  closure	  at	  each	  of	  the	  temperatures,	  except	   for	  80°C	  where	  
the	   time	   of	   administration	   had	   no	   effect	   on	  wound	   closure	   time	   (Appendix	   1;	  
Table	   S2).	   Burns	   administered	   at	   80°C	   for	   10	   sec	   produced	   consistent	   burns	  
without	  melting	  the	  plastic	  or	  causing	  too	  much	  cell	  damage.	  Manipulation	  of	  FCS	  
concentration	  and	  other	  media	  types	  were	  trialled	  to	  create	  wounds	  with	  slower	  
healing	   (SH)	   and	   fast	   healing	   (FH)	   profiles	   (Appendix	   1;	   Figure	   S5).	   HaCaT	  
monolayers	   were	   subjected	   to	   thermal	   injury	   at	   80oC	   for	   10	   sec	   and	   then	  
incubated	  in	  media	  containing	  either	  0.5%	  or	  5%	  FCS	  for	  SH	  and	  FH	  respectively.	  
A	  series	  of	  photographs	  were	  then	  taken	  every	  day	  in	  the	  four-­‐day	  observation	  
period	  after	  wounding	  (day	  zero	  -­‐	  four;	  Figure	  10).	  The	  time-­‐lapsed	  photography	  
revealed	  wound	  closure	  in	  FH	  wounds	  by	  day	  two	  while	  SH	  wounds	  had	  larger	  
burn	   areas	   at	   day	   one	   and	   two	   then	   wound	   closure	   by	   days	   three	   -­‐	   four.	  
Quantitation	   of	   burn	   area	   showed	   the	   wound	   closure	   rate	   was	   significantly	  
slower	  in	  SH	  wounds	  than	  FH	  wounds	  (Figure	  11,	  P	  ≤	  0.004).	  Results	  of	  this	  trial	  
























































Figure	  10.	  Photographs	  of	  w










	  copper	  rod	  heated	  to	  80	  
degrees.	  Incubated	  w
ith	  0.5%
	  FCS	  A)	  SH
	  w
ound	  and	  5%
	  FCS	  b)	  FH
	  w
ound.	  Red	  lines	  indicate	  area	  
absent	  of	  cells	  after	  therm
al	  injury.	  Scale	  bar	  =	  500	  μm



















































Figure	  11.	  Wound	  closure	  rate	  comparison	  for	  FH	  and	  SH	  wounds.	  	  
The	   area	   within	   the	   HaCaT	   monolayer	   that	   was	   deemed	   absent	   of	   cells	   after	  
thermal	   injury	  as	   illustrated	  in	  Figure	  7.	   	  Each	  wound	  was	  quantified	  using	  Fiji	  
image	   software.	   Wound	   closure	   over	   time	   is	   presented	   as	   a	   percentage	  
normalised	  to	  initial	  wound	  area	  for	  every	  individual	  wound.	  Dot	  plot	  represents	  
the	  data	  of	  n	  =	  9	  at	  each	  time	  point.	  Statistically	  significant	  differences	  between	  






3.3.2.	  2D	  thermal	  injury	  model	  used	  for	  infection	  	  
Having	   established	   a	   2D	   thermal	   injury	   model,	   the	   next	   objective	   was	   to	  
investigate	   the	   impact	   of	   commensal	   CoNS	   species	   on	   wound	   healing	   after	  
thermal	   injury,	   compared	   with	   the	   impact	   of	   pathogenic	   S.	   aureus.	   	   The	   CoNS	  
species	  of	   interest	  were	  S.	  epidermidis,	  S.	  lugdunensis,	  S.	  haemolyticus,	  S	  hominis	  
and	   S.	   capitis	   all	   of	   which	   are	   nosocomial	   opportunistic	   pathogens.	   The	  
hypothesis	   was	   S.	   lugdunensis,	   S.	   haemolyticus,	   S	   hominis	   and	   S.	   capitis	   would	  
impede	  wound	  healing	  more	  than	  S.	  epidermidis	  but	  not	  to	  the	  same	  extent	  as	  S.	  
aureus.	   Trials	   were	   conducted	   to	   minimise	   the	   amount	   of	   bacteria	   present	   in	  
each	  well	  and	  to	  reduce	  rapid	  overgrowth	  in	  the	  cell	  culture	  environment.	  This	  
was	   achieved	   by	   reducing	   the	   bacterial	   inoculum	   to	   mimic	   the	   number	   of	  
bacteria	   on	   the	   skin	   after	   thermal	   insult.	   Wounds	   were	   inoculated	   with	  
approximately	   25	   -­‐	   50	   bacterial	   organisms	   per	   well,	   and	   the	   plate	   was	  
centrifuged	   immediately	   after	   inoculation.	  The	  bacteria	  were	  allowed	   to	   attach	  
for	  30	  minutes	  prior	  to	  replacement	  of	  the	  tissue	  culture	  medium.	  Over	  the	  four-­‐
day	  observation	  period	  a	  series	  of	  photos	  were	  taken	  every	  24	  hrs.	  	  	  
	  
Time-­‐lapse	  photography	  revealed	   that	  S.	  aureus	   impeded	  wound	  closure	   in	   the	  
SH	   wounds	   and	   caused	   monolayer	   destruction	   in	   FH	   wounds	   at	   day	   two,	  
whereas	  S.	  epidermidis	  did	  not	   (Figure	  12).	  Wounds	  with	  S.	  epidermidis	   in	  both	  
SH	  and	  FH	  wounds	  followed	  the	  same	  wound	  closure	  pattern	  as	  the	  control	  with	  
no	  significant	  differences	  at	  any	  of	  the	  time	  points,	  and	  cell	  monolayers	  were	  still	  
intact	  at	  the	  end	  of	  the	  four-­‐day	  observation	  period.	  However,	  S.	  aureus	  followed	  
the	   same	  wound	   closure	   rate	   only	  within	   the	   first	   24	   hrs	   of	  wound	   healing	   in	  
both	   SH	   and	   FH	   wounds.	   Statistical	   evidence	   shows	   S.	   aureus	   significantly	  
impeded	   wound	   closure	   in	   SH	   wounds	   by	   day	   two	   (Figure	   12C,	   P	   =	   0.0244).	  
Wounds	   increased	   in	  size	  by	  day	   three	   in	   the	   two	  remaining	  wounds,	  while	  all	  
other	  wells	  containing	  wounded	  monolayers	  were	  destroyed	  at	  this	  time	  point.	  
(Appendix	   1;	   Table	   S3)	   The	   increase	   in	   FCS	   in	   the	   FH	   wounds	   caused	   cell	  
monolayers	   to	   be	   destroyed	   by	   day	   two,	   a	   day	   earlier	   than	   observed	   in	   SH	  






Figure	  12.	  Wound	  closure	  rate	  is	  impaired	  only	  by	  S.	  aureus	  in	  SH	  wounds.	  	  	  
Monolayers	  of	  HaCaTs	  were	  subjected	  to	  thermal	  injury	  then	  incubated	  with	  25	  -­‐
50	  organisms	  of	  S.	  epidermidis	  (A	  and	  B)	  or	  S.	  aureus	   (C	  and	  D)	   in	  assay	  media	  
containing	  0.5%	  FCS	  cDMEM	  (A	  and	  C)	  or	  5%	  FCS	  cDMEM	  (B	  and	  D).	  	  0.5%	  FCS	  
cDMEM	   is	   the	  media	  used	   for	   SH	  wounds	   and	  5%FCS	   cDMEM	   for	   FH	  wounds.	  
The	  wounds	  were	  photographed	  at	  0,	  1,	  2,	  3,	   and	  4	  days	  post	   injury/infection,	  
then	  the	  area	  within	  the	  HaCaT	  monolayer	  that	  was	  deemed	  absent	  of	  cells	  after	  
thermal	   injury	   in	   each	   photograph	   was	   quantified	   using	   Fiji	   image	   software.	  
Three	   biological	   repeats	   were	   conducted	   for	   each	   bacterium	   each	   of	   which	  
consisted	   of	   three	   technical	   repeats	   giving	   a	   maximum	   of	   n	   =	   9	   for	   each	  
bacterium.	   Each	   repeat	   also	   had	   a	   corresponding	   control	   wound	   (a	   wound	  
without	  the	  presence	  of	  bacteria).	  The	  number	  of	  burns	  for	  each	  bacterium	  and	  
control	  at	  each	  time	  points	  can	  be	  found	  in	  Appendix	  1;	  Table	  S3.	  Wound	  closure	  
over	   time	   is	   presented	   as	   a	   percentage	   normalised	   to	   initial	   wound	   area	   for	  
every	   individual	   wound.	   Statistical	   analysis	   was	   undertaken	   using	   the	   Mann-­‐
Whintey	   U-­‐test	   between	   the	   two	   measured	   groups	   (+	   bacteria	   and	   control	  
(thermal	   injury	   without	   bacteria)	   at	   each	   time	   point.	   Statistically	   significant	  






All	  other	  CoNS	  bacteria	  showed	  some	  evidence	  of	  impeding	  wound	  closure	  with	  
effects	   more	   obvious	   in	   the	   SH	   wounds	   than	   the	   FH	   wounds	   (Figure	   13).	   S.	  
lugdunensis	   significantly	   increased	  wound	   closure	   rate	   in	   both	   the	   SH	   and	   FH	  
models	   at	   the	   24	   h	   time	  point	   (Figure	   13A,	  P	   =	   0.0078	   	   and	   13B,	  P	   =	   0.0379).	  
However,	  by	  day	  three	  there	  was	  significant	  impedance	  of	  wound	  closure	  in	  SH	  
wounds	   (P	   =	   0.004)	   with	   the	   percentage	   of	   wounded	   area	   increasing	   and	  
continuing	   to	   increase	   in	   size	   in	   the	   two	   remaining	  wounds	  at	  day	   four.	  There	  
also	  was	   a	   lot	   of	   variability	   in	   the	   time	   points	   at	   which	   cell	  monolayers	  were	  
destroyed	   leaving	   only	   n	   =	   5	   at	   day	   three	   and	  n	   =	   2	   by	   day	   four	   (Appendix	   1;	  
Table	  S3).	  Similar	  variability	  was	  observed	  in	  FH	  wounds	  with	  n	  =	  6	  at	  day	  two	  
and	  n	  =	  2	   at	   day	   three.	  Two	  FH	  wounds	  with	  S.	   lugdunensis	  were	   able	   to	  heal,	  
three	   had	   less	   than	   3%	  of	   initial	  wound	   area	   and	   three	   had	   greater	   than	   12%	  
initial	   wound	   area	   before	   cell	   obliteration	   occurred	   (Appendix	   1;	   Table	   S3).	  
Therefore,	   no	   significant	   change	   in	   the	   rate	   of	  wound	   closure	  was	  observed	   in	  
high	   serum	   conditions	   before	   the	   cell	   monolayer	   was	   destroyed	   by	   S.	  
lugdunensis.	  	  
	  
S.	  haemolyticus	  impaired	  wound	  closure	  rate	  at	  day	  two	  (P	  =	  0.0005)	  and	  then	  an	  
increase	  in	  wound	  size	  at	  day	  three	  before	  cell	  obliteration	  at	  day	  four	  in	  all	  SH	  
wounds	   (Figure	   13C,	  P	   <	   0.0001).	   A	   similar	   trend	  was	   seen	   in	   the	   FH	  wounds	  
with	  S.	  haemolyticus	  impeding	  wound	  closure	  at	  day	  two	  (P	  =	  0.0002)	  before	  cell	  
destruction	   occurring	   at	   day	   three,	   except	   for	   one	   wound	   which	   increased	   in	  
wound	  area	  at	  day	  three	  before	  cell	  obliteration	  (Figure	  13D).	  	  	  	  
	  
S.	  hominis	  significantly	  impaired	  wound	  closure	  rate	  in	  SH	  wounds	  from	  day	  two	  
(P	   ≤	   0.004),	   with	  wounds	   staying	   relatively	   the	   same	   size	   at	   day	   three	   before	  
increasing	   in	  size	  at	  day	   four	   (Figure	  13E).	  Only	  one	   from	  nine	  wounded	  wells	  
had	  cell	  obliteration	  at	  day	  four	  (Appendix	  1;	  Table	  S3).	  S.	  hominis	  also	  impaired	  
wound	   healing	   in	   FH	   wounds,	   to	   a	   lesser	   extent,	   as	   wound	   healing	   was	  
significantly	  impaired	  at	  day	  two	  and	  three	  (P	  ≤	  0.0014).	  Although	  cell	  migration	  
was	  occurring	  and	   the	  wound	  area	  was	  decreasing	   in	   size,	   the	  cell	  monolayers	  




S.	  capitis	  did	  not	  significantly	  affect	  wound	  closure	  rate	  in	  SH	  wounds	  at	  day	  one	  
or	  two,	  but	  by	  day	  three,	  it	  significantly	  impaired	  wound	  closure	  (	  Figure	  13G,	  P	  
=	  0.0002).	  The	  wounded	  area	   then	   increased	   in	   size	   at	  day	   four	  with	  only	  one	  
wounded	  well	  with	  cell	  obliteration	  at	  this	  time	  point	  (Appendix	  1;	  Table	  S3).	  In	  
the	   FH	  wounds	  with	   S.	   capitis,	   the	  majority	   followed	   the	   same	  wound	   closure	  
rate	  as	  control	  (Figure	  13H)	  where	  eight	  from	  nine	  wounds	  successfully	  closed.	  
However,	  five	  of	  the	  eight	  had	  cell	  obliteration	  on	  day	  three	  or	  four,	  the	  day	  after	  
wound	  closure	  was	  complete.	  The	  ninth	  wound	  was	  impaired	  at	  day	  two	  before	  
obliteration	  occurred	  (Appendix	  1;	  Table	  S3).	  	  
	  
Combining	   all	   wound	   closure	   rate	   data,	   the	   CoNS	   bacteria	   investigated	   all	  
impaired	  wound	  healing	  in	  the	  SH	  wounds	  compared	  to	  S.	  epidermidis,	  which	  had	  
no	  effect	  on	  wound	  closure.	  When	  compared	  to	  S.	  aureus;	  S.	  haemolyticus	  and	  S.	  
hominis	  caused	  impaired	  wound	  healing	  similar	  to	  S.	  aureus	  at	  day	  two.	  However,	  
cell	   obliteration	   occurred	   at	   later	   time	   point	   for	   S.	   haemolyticus	   and	   no	   cell	  
obliteration	   was	   observed	   for	   S.	   hominis.	   Therefore	   all	   bacteria	   except	   S.	  
epidermidis	   caused	   cell	   obliteration	   of	   monolayers	   to	   varying	   degrees.	  
Keratinocytes	   in	   the	   FH	  wounds	  were	   able	   to	   take	   advantage	   of	   the	   increased	  











































Figure13.	   Wound	   closure	   rate	   is	   impaired	   by	   S.	   lugdunensis,	   S.	  
haemolyticus,	  S.	  hominis,	  and	  S.	  capitis	  in	  SH	  wounds	  and	  to	  a	  lesser	  degree	  
in	  the	  FH	  wounds.	  	  	  
Monolayers	  of	  HaCaTs	  were	  subjected	  to	  thermal	  injury	  then	  incubated	  with	  25	  -­‐
50	  organisms	  of	  S.	  lugdunensis	  (A	  and	  B),	  S.	  haemolyticus	  (C	  and	  D),	  S.	  hominis	  (E	  
and	  F)	  or	  S.	  capitis	  (G	  and	  H)	  in	  assay	  media	  containing	  0.5%	  FCS	  cDMEM	  (A,	  C,	  
E,	  and	  G)	  or	  5%	  FCS	  cDMEM	  (B,	  D,	  F,	  and	  H).	  	  0.5%	  FCS	  cDMEM	  is	  the	  media	  used	  
for	   SH	   wounds	   and	   5%FCS	   cDMEM	   for	   FH	   wounds.	   The	   wounds	   were	  
photographed	  at	  0,	  1,	  2,	  3,	  and	  4	  days,	  then	  the	  area	  within	  the	  HaCaT	  monolayer	  
that	   was	   deemed	   absent	   of	   cells	   after	   thermal	   injury	   in	   each	   photograph	  was	  
quantified	   using	   Fiji	   image	   software.	   Three	   biological	   repeats	  were	   conducted	  
for	   each	   bacteria,	   each	   of	   which	   consisted	   of	   three	   technical	   repeats	   giving	   a	  
maximum	   of	   n	   =	   9	   for	   each	   bacterium.	   Each	   repeat	   also	   had	   a	   corresponding	  
control	  wound	  (a	  wound	  without	  the	  presence	  of	  bacteria).	  The	  number	  of	  burns	  
for	   each	  bacteria	   and	   control	   at	   each	   time	  points	   can	  be	   found	   in	  Appendix	  1;	  
Table	  S3.	  Wound	  closure	  over	  time	   is	  presented	  as	  a	  percentage	  normalised	  to	  
initial	   wound	   area	   for	   every	   individual	   wound.	   Statistical	   analysis	   was	  
undertaken	   using	   the	   Mann-­‐Whintey	   U-­‐between	   the	   two	  measured	   groups	   (+	  
bacteria	  and	  control	  (thermal	  injury	  without	  bacteria))	  at	  each	  time	  point	  where	  
n	  >	  4.	  Statistically	  significant	  differences	  are	  indicated	  with	  asterisks	  (*=	  0.05	  ≥	  P	  





During	   these	   experiments	   each	   bacterial	   strain	   was	   observed	   to	   behave	  
differently	   from	  each	  other	  and	  differently	  between	  the	  two	  media	   types,	  0.5%	  
FCS	   for	   SH	   wounds	   and	   5%	   FCS	   for	   FH	   wounds.	   S.	   epidermidis	   formed	   small	  
micro-­‐colonies	   in	   the	   media	   clearly	   visible	   by	   day	   four	   in	   both	   media	   types	  
(Figure	   14A).	   S.	   capitis	   formed	   large	   micro-­‐colonies	   at	   day	   one	   increasing	   in	  
number	   by	   day	   three	   before	   media	   became	   thick	   with	   bacteria	   and	   micro-­‐
colonies	  disappeared	  at	  day	  four	  in	  0.5%	  FCS,	  and	  one	  to	  two	  were	  seen	  in	  5%	  
FCS	  at	  days	  two,	  three	  and	  four	  (Figure	  14B).	  This	  suggested	  the	  bacteria	  might	  
be	   growing	   more	   in	   the	   media	   rather	   than	   in	   contact	   with	   the	   cells.	   S.	  
lugdunensis,	  S.	  haemolyticus	  and	  S.	  hominis	  also	  seemed	  to	  be	  more	  dominant	  in	  
the	  media	  with	  0.5%	  FCS,	  which	  become	  thick	  and	  clouded	  compared	  to	  that	  of	  S.	  
aureus,	  which	  sat	  low	  and	  near	  the	  cells	  (Figure	  15).	  S.	  aureus	  also	  formed	  small	  
groupings	   on	   the	   cells	   giving	   the	   cells	   a	   speckled	   look	   (Figure	   15A).	   When	  
comparing	  the	  SH	  and	  FH	  wounds	  the	  extent	  of	  micro-­‐colony	  formation	  and	  the	  
cloudiness	   of	   the	   media	   was	   a	   lot	   less	   in	   the	   FH	   wounds,	   suggesting	   fewer	  
bacteria	  for	  S.	  haemolyticus,	  S.	  hominis	  and	  S.	  capitis	  (viable	  counts	  were	  not	  done	  
during	   these	   experiments	   to	   assess	   this	   observation).	   However,	   there	  was	   cell	  
monolayer	   destruction	   at	   earlier	   times	   points	   in	   FH	  wounds	  with	   all	   bacteria,	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Figure	  15.	  Comparison	  of	  S.	  aureus	  with	  other	  CoNS	  in	  wells	  with	  different	  
FCS	  concentrations	  at	  day	  two.	  	  
Photographs	  of	  thermal	  wounds	  two	  days	  after	  thermal	  injury	  by	  a	  3	  mm	  copper	  
rod	   heated	   to	   80	   degrees.	   Incubated	  with	   25	   -­‐	   50	   organism	   of	   S.	  aureus	  A),	   S.	  
lugdunensis	  B),	  S.	  haemolyticus	   C)	   or	  S.	  hominis	  (D)	   in	   either	  0.5%	  FCS	   cDMEM	  
(SH	  wounds)	   or	   5%	  FCS	   cDMEM	   (FH	  wounds).	   The	   areas	  within	   the	   red	   lines	  
indicates	  absence	  of	  cells	  after	   thermal	   injury.	  White	  arrows	   indicate	  speckling	  
of	  S.	  aureus,	  and	  a	  thick	  haze	  can	  be	  seen	  in	  S.	  lugdunensis,	  S.	  haemolyticus	  and	  S.	  
hominis	   indicated	  by	  the	  darker	  grey	  areas	  in	  photographs.	  Scale	  bar	  =	  500	  μm	  





3.	  3.4.	  Visualisation	  of	  attachment	  and	  bacterial	  viable	  counts	  
Gram	   stained	   chamber	   slides,	   were	   used	   to	   investigate	   bacterial	   attachment.	  
Only	   one	   set	   of	   chamber	   slides	  was	   set	   up	   for	   each	   time	   point	   to	   assess	   each	  
bacterium,	   due	   to	   a	   limited	   number	   of	   chamber	   slides	   available.	   The	   bacterial	  
numbers	   at	   the	   wound	   edge,	   and	   the	   middle	   of	   the	   wound,	   after	   initial	  
attachment	   and	   each	   day	   during	   the	   wound	   closure	   period	   was	   quantified.	  
Bacterial	  attachment	  numbers	  were	  calculated	  from	  photos	  counting	  all	  bacteria	  
within	  10	   fields	  of	   view	   for	   the	  middle	  of	   the	  wound.	  However,	   the	  number	  of	  
bacteria	   at	   the	   wound	   edge	   was	   calculated	   by	   the	   amount	   of	   bacteria	   on	   the	  
HaCaT	   cells	   at	   the	  wounds	   edge	   (Figure	   3,	   see	  methods	   2.10).	  When	   bacterial	  
numbers	   exceeded	   500	   per	   frame	   a	   scoring	   system	   was	   used	   (Figure	   4,	   see	  
methods	  section	  2.10).	  Bacterial	  counts	  from	  the	  media	  were	  also	  taken	  for	  the	  
chamber	  at	  the	  corresponding	  time	  point	  that	  the	  slide	  was	  to	  be	  stained.	  Initial	  
bacterial	   attachment	   counts	  were	   very	   difficult	   to	   determine	  when	   inoculating	  
with	  25	  -­‐	  50	  bacteria	  per	  well,	  as	  the	  possibility	  of	  viewing	  any	  bacteria	  was	  very	  
low.	  Therefore,	  initial	  attachment	  to	  wounded	  HaCaT	  monolayers	  were	  assessed	  
using	  a	  bacterial	  inoculum	  with	  greater	  than	  1x108	  CFU/mL.	  	  
	  
Bacterial	   attachment	   numbers	   for	  S.	  epidermidis,	  S	  haemolyticus	   and	  S.	  hominis	  
after	  inoculation	  with	  greater	  than	  1x108	  CFU/mL	  showed	  these	  bacteria	  initially	  
attached	  to	  the	  cells	  at	  the	  wounds	  edge	  and	  the	  plastic	  in	  the	  wounded	  area	  in	  
similar	   amounts	   (Table	   3).	   Greater	   numbers	   of	   bacteria	   were	   attached	   to	   the	  
cells	  at	  the	  wound	  edge	  for	  S.	  aureus	  and	  S.	  lugdunensis	  with	  very	  small	  numbers	  
seen	  in	  the	  wounded	  area,	  while	  the	  opposite	  was	  observed	  for	  S.	  capitis	  (Table	  












Table	  3.	  Initial	  bacterial	  attachment	  numbers	  on	  the	  cells	  at	  the	  edge	  of	  the	  
wound,	  and	  on	  the	  plastic	  in	  the	  middle	  of	  wound	  after	  two	  hour	  incubation	  
with	  >108	  CFU/mL	  bacteria.	  
	   On	  cells	  at	  edge	  of	  wound	   Middle	  of	  wound	  
S.	  epidermidis	  	   126	   175	  
S.	  aureus	   373	   92	  
S.	  lugdunensis	   372	   36	  
S.	  haemolyticus	  	   1013	   1276	  
S.	  hominis	   1867	   1059	  
S.	  capitis	  	   460	   1041	  
Bacteria	  were	  counted	  from	  gram	  stained	  monolayers,	  values	  in	  the	  table	  are	  the	  
total	  number	  of	  bacteria	  per	  10	  random	  fields	  of	  view.	  No	  unwounded	  chamber	  
slide	  was	  assessed.	  Only	  one	  repeat	  was	  carried	  out	  due	  to	  limited	  resources.	  
	  
	  
At	  each	  of	  the	  four-­‐day	  time	  point’s	  bacterial	  attachment	  generally	  followed	  the	  
same	  trend	  that	  was	  observed	  in	  the	  initial	  attachment	  for	  each	  bacterium	  with	  
some	   variations.	  S.	  epidermidis	   had	   similar	   numbers	   on	   the	   cells	   at	   the	  wound	  
edge	  compared	  to	  plastic	  in	  the	  wounded	  area	  at	  all	  time	  points	  in	  both	  SH	  and	  
FH	  wounds	  (Table	  4).	  When	  comparing	  wells	  containing	  thermal	  injury	  or	  intact	  
monolayer,	   there	   was	   an	   increase	   in	   the	   number	   of	   bacteria	   in	   the	   intact	  
monolayer	   wells	   with	   0.5%	   FCS	   media	   from	   day	   one	   onwards.	   This	   was	   not	  
observed	  in	  wells	  with	  5%	  FCS	  and	  was	  reflected	  in	  the	  bacterial	  counts	  from	  the	  
0.5%	  FCS	  media	  (Appendix	  1;	  Table	  S4	  and	  S5).	  When	  excluding	  this	  finding	  the	  
bacterial	   numbers	   for	  S.	  epidermidis	  were	   very	   similar	   in	   all	   other	  wells	   of	   FH	  





Table	  4.	  S.	  epidermidis	  attachment	  numbers	  on	  cells	  at	  the	  wound	  edge	  and	  
on	  the	  plastic	  in	  the	  middle	  of	  the	  wound	  1,	  2,	  3,	  and	  4	  days	  after	  thermal	  







Number	  of	  attached	  bacteria	  on:	  	  
Cells	  at	  the	  edge	  of	  the	  
wound	  	  
Plastic	  in	  the	  middle	  of	  the	  
wound	  
1	   SH	   13	   9	  
FH	   9	   13	  
2	   SH	   675	   478	  
FH	   153	   C	  
3	   SH	   ++	   C	  
FH	   ++	   C	  
4	   SH	   ++++	   C	  
FH	   +++	   C	  
Total	   number	   of	   bacteria	   from	   10	   fields	   of	   view	   on	   gram	   stained	  monolayers	  
after	  thermal	  injury	  at	  the	  time	  point	  indicated.	  
+	  =	  Scoring	  system	  used	  to	  count	  each	  frame	  of	  field,	  see	  Figure	  4	  in	  methods	  













Table	  5.	  S.	  epidermidis	  viable	  counts	  in	  wounded	  monolayers	  1,	  2,	  3,	  and	  4	  
days	  after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  thermal	  injury	  	   Bacterial	  viable	  counts	  	  
SH	   FH	  
1	   100	   100	  
2	   5.77x105	   2.93x105	  
3	   8.75x107	   5.45x107	  
4	   3x108	   1.5x108	  
Viable	  counts	  from	  supernatant	  in	  wounded	  monolayers	  after	  thermal	  injury	  at	  
the	   time	  points	   indicated.	  Viable	  counts	  were	  carried	  out	   following	  methods	   in	  
section	  2.5.	  Values	  are	  presented	  as	  CFU/mL.	  	  
	  
	  
Bacterial	   attachment	   numbers	   for	   S.	  aureus	  generally	   followed	   the	   same	   trend	  
observed	  in	  initial	  attachment	  (Table	  3	  and	  Table	  6).	  Images	  of	  the	  wound’s	  edge	  
at	  day	  two	  showed	  heavy	  colonisation	  on	  and	  around	  the	  cells	  compared	  to	  the	  
plastic	   in	  wounded	  area	   (Figure	  16A	  and	  16C).	  At	  day	   three	   there	  was	  an	  area	  
between	  the	  heavily	  colonised	  cells	  at	  the	  wound	  edge	  and	  the	  heavily	  colonised	  
plastic	  in	  wound	  area	  that	  were	  absent	  of	  keratinocytes	  and	  heavy	  colonisation	  
of	  bacteria	  (Figure	  16B	  and	  16D).	  This	  observation	  is	  different	  to	  that	  at	  earlier	  
time	   points.	   Bacterial	   numbers	   of	   S.	   aureus	   from	   the	   media	   showed	   rapid	  
increase	  between	  day	  one	  and	   two	   in	   the	  FH	  wound,	   reaching	  numbers	  of	  109	  
CFU/mL	  and	  causing	  cell	  obliteration,	  whereas	  in	  the	  SH	  wound	  the	  growth	  rate	  
was	  much	  lower	  with	  107	  CFU/mL	  bacterial	  cells	  present	  on	  the	  same	  day	  (Table	  









Table	  6.	  S.	  aureus	  attachment	  numbers	  on	  cells	  at	  the	  wound	  edge	  and	  on	  
the	   plastic	   in	   the	  middle	   of	   the	   wound	   1,	   2,	   3,	   and	   4	   days	   after	   thermal	  
injury	  for	  a	  SH	  and	  FH	  wound.	  





Number	  of	  attached	  bacteria	  on:	  	  
Cells	  at	  the	  edge	  of	  the	  
wound	  	  
Plastic	  in	  the	  middle	  of	  
the	  wound	  
1	   SH	   28	   22	  
FH	   43	   13	  
2	   SH	   +++	   ++	  
FH	   -­‐	   -­‐	  
3	   SH	   ++++	   +++	  
FH	   -­‐	   -­‐	  
4	   SH	   -­‐	   -­‐	  
FH	   -­‐	   -­‐	  
Total	   number	   of	   bacteria	   from	   10	   fields	   of	   view	   on	   gram	   stained	  monolayers	  
after	  thermal	  injury	  at	  the	  time	  point	  indicated.	  
+	  =	  Scoring	  system	  used	  to	  count	  each	  frame	  of	  field,	  see	  Figure	  4	  in	  methods	  
















Figure	   16.	   S.	   aureus	  attachment	   patterns	   at	   day	   two	   and	   three	   following	  
thermal	  injury	  to	  HaCaT	  monolayers.	  
	  Photographs	   of	   the	   wounds	   edge	   and	   middle	   of	   wound	   with	   S.	   aureus	  
attachment,	  two	  (A	  and	  C)	  and	  three	  days	  (B	  and	  D)	  following	  thermal	  injury.	  S.	  
aureus	   (stained	   dark	   purple/blue)	   heavily	   colonises	   the	   HaCaT	   cells	   (stained	  
pink/orange)	  at	  the	  wounds	  edge	  (A	  and	  B).	  S.	  aureus	  also	  heavily	  colonises	  the	  
center	  of	  the	  wound	  (D)	  at	  day	  three	  which	  is	  not	  evident	  at	  day	  two	  (C)	  leaving	  
an	   area	   between	   the	   wounds	   edge	   and	   middle	   of	   wound	   absent	   of	   heavy	  
colonisation.	  Chamber	  slides	  were	  inoculated	  with	  approximately	  25	  organisms	  
after	  wounding	  and	  incubated	  in	  media	  containing	  0.5%	  FCS.	  Red	  arrows	  point	  
towards	  the	  center	  of	  the	  wound.	  Images	  were	  taken	  at	  100x	  magnification	  and	  






Table	  7.	  S.	  aureus	  viable	  counts	  in	  wounded	  monolayers	  1,	  2,	  3,	  and	  4	  days	  
after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  	  
Days	  post	  thermal	  injury	  	   Bacterial	  viable	  counts	  	  
SH	   FH	  
1	   900	   3200	  
2	   5.1x107	   2.6x109	  
3	   4.2x108	   -­‐	  
4	   -­‐	  	   -­‐	  
Viable	  counts	  from	  supernatant	  in	  wounded	  monolayers	  after	  thermal	  injury	  at	  
the	   time	  points	   indicated.	  Viable	  counts	  were	  carried	  out	   following	  methods	   in	  
section	  2.5.	  Values	  are	  presented	  as	  CFU/mL.	  	  





S.	   lugdunensis	   generally	   followed	   the	   same	   trend	   observed	   for	   the	   initial	  
attachment	  with	  more	   attachment	   to	   cells	   at	   the	  wounds	   edge	   and	  around	   the	  
cells	  than	  on	  the	  plastic	  in	  the	  wounded	  area	  (Table	  8).	  Interestingly	  by	  day	  two,	  
it	  colonised	  more	  heavily	  just	  inside	  the	  wound	  edge	  in	  both	  SH	  and	  FH	  wounds	  
(Figure	  17).	  Viable	  counts	  from	  the	  media	  of	  chambers	  containing	  S.	  lugdunensis	  
revealed	  there	  was	  not	  much	  difference	  in	  numbers	  between	  SH	  and	  FH	  wounds	  
(Table	  9).	  However,	  cell	  obliteration	  occurred	  somewhere	  between	  day	  two	  and	  
three	  in	  the	  FH	  wound,	  and	  cells	  were	  still	   intact	  for	  attachment	  observation	  in	  









Table	  8.	  S.	  lugdunensis	  attachment	  numbers	  on	  cells	  at	  the	  wound	  edge	  and	  
on	  the	  plastic	  in	  the	  middle	  of	  the	  wound	  1,	  2,	  3,	  and	  4	  days	  after	  thermal	  
injury	  for	  a	  SH	  and	  FH	  wound.	  





Number	  of	  attached	  bacteria	  on:	  	  
Cells	  at	  the	  edge	  of	  the	  
wound	  	  
Plastic	  in	  the	  middle	  of	  the	  
wound	  
1	   SH	   33	   7	  
FH	   31	   10	  
2	   SH	   +++	   ++	  
FH	   ++++	   +++	  
3	   SH	   ++++	   +++	  
FH	   -­‐	   -­‐	  
4	   SH	   -­‐	   -­‐	  
FH	   -­‐	   -­‐	  
Total	   number	   of	   bacteria	   from	   10	   fields	   of	   view	   on	   gram	   stained	  monolayers	  
after	  thermal	  injury	  at	  the	  time	  point	  indicated.	  
+	  =	  Scoring	  system	  used	  to	  count	  each	  frame	  of	  field,	  see	  Figure	  4	  in	  methods	  



























Figure	  17.	  S.	   lugdunensis	  heavily	   colonizes	   the	   leading	   edge	  of	   the	  HaCaT	  
cells	  at	  the	  wounds	  edge.	  
Photographs	   of	   the	   wounds	   edge	   and	  with	   S.	   lugdunensis	  attachment,	   two	   (A)	  
and	   three	   days	   (B)	   following	   thermal	   injury.	   S.	   lugdunensis	   (stained	   dark	  
purple/blue)	   heavily	   colonises	   the	   leading	   edge	   of	   HaCaT	   cells	   (stained	  
pink/orange)	   at	   the	   wounds	   edge	   (A	   and	   B).	   Chamber	   slides	   were	   inoculated	  
with	   approximately	   28	   organisms	   after	   wounding	   and	   incubated	   in	   media	  
containing	  0.5%	  FCS.	  This	  is	  a	  representative	  of	  the	  findings	  in	  both	  SH	  and	  FH	  
wounds.	  Red	  arrows	  indicate	  the	  area	  of	  heavy	  colonization.	  Images	  were	  taken	  





Table	  9	  S.	  lugdunensis	  viable	  counts	  in	  wounded	  monolayers	  1,	  2,	  3,	  and	  4	  
days	  after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  thermal	  injury	  	   Bacterial	  viable	  counts	  	  
SH	   FH	  
1	   33000	   39000	  
2	   2.8x109	   5.6x109	  
3	   8.8x109	   1.73x1010	  
4	   -­‐	   -­‐	  
Viable	  counts	  from	  supernatant	  in	  wounded	  monolayers	  after	  thermal	  injury	  at	  
the	   time	  points	   indicated.	  Viable	  counts	  were	  carried	  out	   following	  methods	   in	  
section	  2.5.	  Values	  are	  presented	  as	  CFU/mL.	  	  





















Bacterial	   counts	   from	   the	   media	   for	   S.	   haemolyticus	   and	   S.	   hominis	   were	   very	  
similar	   in	  both	  SH	  and	  FH	  wounds	   (Table	  10	  and	  11).	  They	   followed	   the	   same	  
trend	  from	  their	   initial	  attachment	  over	   the	   four	  days	  after	   thermal	   injury,	  and	  
had	  slightly	  higher	  viable	  counts	  at	  day	  three	  in	  FH	  media	  compared	  to	  SH	  media	  
resulting	  in	  earlier	  cell	  destruction	  (Tables	  12	  and	  13).	  	  
	  
An	   initial	   trend	   of	   higher	   bacterial	   attachment	   numbers	   on	   the	   plastic	   in	   the	  
wounded	  area	  than	  on	  the	  cells	  at	  the	  wound	  edge	  was	  observed	  with	  S.	  capitis	  
(Table	   3).	   This	  was	   only	   seen	   at	   day	   one	   in	   the	   SH	  wound,	   and	   S.	   capitis	   was	  
equally	  distributed	  in	  the	  FH	  wound	  and	  continued	  to	  be	  equally	  distributed	  in	  
the	   remaining	   time	   points	   for	   both	   SH	   and	   FH	   wounds	   (Table	   14).	   	   S.	   capitis	  
started	  forming	  clumps	  by	  day	  one	  with	  very	  few	  bacteria	  seen	  elsewhere	  until	  
day	  four,	  where	  the	  bacteria	  now	  formed	  a	  blanket	  over	  the	  surface	  of	  the	  HaCaT	  
cells	   in	   the	   chamber	   slide	   (Figure	   18),	   which	   was	   similar	   to	   what	   was	   seen	  
during	   the	   infection	  model	   for	  S.	  capitis	   (Figure	   11).	   Viable	   counts	   of	  S.	  capitis	  
were	  similar	  from	  the	  two	  media	  types	  (Table	  15),	  it	  was	  only	  at	  day	  three	  where	  
bacterial	   numbers	   increased	   to	   109	   CFU/mL	   in	   the	   FH	  wound,	   which	  was	   ten	  
times	  greater	  than	  that	  of	  the	  SH	  wound	  at	  day	  four.	  This	  was	  surprising	  as	  more	  
bacteria	  were	  visualised	   (not	  quantified)	   in	   the	  wells	  of	  SH	  wounds	  during	   the	  
infection	  model	  experiments	  (Figure	  11).	  
	  
From	   chamber	   slide	   analysis,	   S.	   aureus	   took	   advantage	   of	   the	   extra	   growth	  
factors	   in	   FH	  wounds	   growing	  more	   rapidly	   than	   in	   the	   SH	  wounds.	   All	   other	  
bacteria	   grew	   at	   similar	   rates	   in	   both	   media	   types	   until	   day	   three	   where	   a	  
magnitude	  higher	  of	  bacteria	  was	  quantified	  from	  FH	  wounds.	  S.	  haemolyticus,	  S.	  
hominis	  and	  S.	  capitis	  attached	  to	  both	  the	  cells	  and	  the	  plastic	  in	  wounded	  area	  
equally,	   as	   did	   S.	   epidermidis,	  whereas	   S.	   lugdunensis	  and	   S.	  aureus	  attached	   to	  








Table	  10.	  S.	  haemolyticus	  attachment	  numbers	  on	  cells	  at	   the	  wound	  edge	  
and	   on	   the	   plastic	   in	   the	   middle	   of	   the	   wound	   1,	   2,	   3,	   and	   4	   days	   after	  
thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  





Number	  of	  attached	  bacteria	  on:	  	  
Cells	  at	  the	  edge	  of	  the	  
wound	  	  
Plastic	  in	  the	  middle	  of	  the	  
wound	  
1	   SH	   17	   18	  
FH	   21	   19	  
2	   SH	   ++	   ++	  
FH	   ++	   ++	  
3	   SH	   ++++	   ++++	  
FH	   +++	   ++	  
4	   SH	   -­‐	   -­‐	  
FH	   -­‐	   -­‐	  
Total	   number	   of	   bacteria	   from	   10	   fields	   of	   view	   on	   gram	   stained	  monolayers	  
after	  thermal	  injury	  at	  the	  time	  point	  indicated.	  
+	  =	  Scoring	  system	  used	  to	  count	  each	  frame	  of	  field,	  see	  figure	  in	  methods	  














Table	  11.	  S.	  hominis	  attachment	  numbers	  on	  cells	  at	  the	  wound	  edge	  and	  on	  
the	   plastic	   in	   the	  middle	   of	   the	   wound	   1,	   2,	   3,	   and	   4	   days	   after	   thermal	  
injury	  for	  a	  SH	  and	  FH	  wound.	  





Number	  of	  attached	  bacteria	  on:	  	  
Cells	  at	  the	  edge	  of	  the	  
wound	  	  
Plastic	  in	  the	  middle	  of	  the	  
wound	  
1	   SH	   33	   33	  
FH	   24	   24	  
2	   SH	   +	   +	  
FH	   +	   +	  
3	   SH	   ++	   ++	  
FH	   ++++	   ++++	  
4	   SH	   ++++	   +++	  
FH	   -­‐	   -­‐	  
Total	   number	   of	   bacteria	   from	   10	   fields	   of	   view	   on	   gram	   stained	  monolayers	  
after	  thermal	  injury	  at	  the	  time	  point	  indicated.	  
+	  =	  Scoring	  system	  used	  to	  count	  each	  frame	  of	  field,	  see	  figure	  in	  methods	  














Table	  12.	  S.	  haemolyticus	  viable	  counts	  in	  wounded	  monolayers	  1,	  2,	  3,	  and	  
4	  days	  after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  thermal	  injury	  	   Bacterial	  viable	  counts	  	  
SH	   FH	  
1	   200	   NC	  
2	   4.7x106	   9x106	  
3	   9x109	   3.3x1010	  
4	   -­‐	   -­‐	  
Viable	  counts	  from	  supernatant	  in	  wounded	  monolayers	  after	  thermal	  injury	  at	  
the	   time	  points	   indicated.	  Viable	  counts	  were	  carried	  out	   following	  methods	   in	  
section	  2.5.	  Values	  are	  presented	  as	  CFU/mL.	  	  
	  	  NC	  =	  no	  colonies	  
	  	  -­‐	  =	  Cell	  obliteration	  occurred	  	  
	  
Table	   13.	   S.	  hominis	  viable	   counts	   in	  wounded	  monolayers	   1,	   2,	   3,	   and	   4	  
days	  after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  thermal	  injury	  	   Bacterial	  viable	  counts	  	  
SH	   FH	  
1	   100	   NC	  
2	   2.1x106	   2x106	  
3	   7x109	   3.3x1010	  
4	   9x109	   -­‐	  
Viable	  counts	  from	  supernatant	  in	  wounded	  monolayers	  after	  thermal	  injury	  at	  
the	   time	  points	   indicated.	  Viable	  counts	  were	  carried	  out	   following	  methods	   in	  
section	  2.5.	  Values	  are	  presented	  as	  CFU/mL.	  	  
	  NC	  =	  no	  colonies	  




Table	  14.	  S.	  capitis	  attachment	  numbers	  on	  cells	  at	  the	  wound	  edge	  and	  on	  
the	   plastic	   in	   the	  middle	   of	   the	   wound	   1,	   2,	   3,	   and	   4	   days	   after	   thermal	  
injury	  for	  a	  SH	  and	  FH	  wound.	  





Number	  of	  attached	  bacteria	  on:	  	  
Cells	  at	  the	  edge	  of	  the	  
wound	  	  
Plastic	  in	  the	  middle	  of	  the	  
wound	  
1	   SH	   53	   225	  
FH	   40	   62	  
2	   SH	   +	   +	  
FH	   225	   144	  
3	   SH	   ++	   ++	  
FH	   ++	   C	  
4	   SH	   ++++	   +++	  
FH	   -­‐	   -­‐	  
Total	   number	   of	   bacteria	   from	   10	   fields	   of	   view	   on	   gram	   stained	  monolayers	  
after	  thermal	  injury	  at	  the	  time	  point	  indicated.	  
+	  =	  Scoring	  system	  used	  to	  count	  each	  frame	  of	  field,	  see	  Figure	  4	  in	  methods	  
-­‐	  =	  Cell	  obliteration	  occurred	  	  


















Figure	   18.	   S.	   capitis	   forms	   large	   clumps,	   and	   when	   bacteria	   reach	   high	  
numbers	  forms	  a	  blanket	  over	  the	  chamber	  slide	  surface.	  
Photographs	  of	   the	  wound’s	  edge	   inoculated	  with	  S.	  capitis	  at	  one	  (A),	   two	  (B),	  
three	  (C)	  and	  four	  days	  (D)	  after	  thermal	  injury.	  Chamber	  slides	  were	  inoculated	  
with	   approximately	   50	   organisms	   after	   wounding	   and	   incubated	   in	   media	  
containing	  0.5%	  FCS.	  HaCaT	  cells	  are	  stained	  pink/orange	  and	  S.	  capitis	  stained	  
purple/dark	  blue.	  Red	  arrows	  indicate	  the	  clumps	  formed	  by	  S.	  capitis.	   	   Images	  













Table	  15.	  S.	  capitis	  viable	  counts	  in	  wounded	  monolayers	  1,	  2,	  3,	  and	  4	  days	  
after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  thermal	  injury	  	   Bacterial	  viable	  counts	  	  
SH	   FH	  
1	   500	   800	  
2	   6.8x106	   3.6x105	  
3	   1.8x108	   4.5x109	  
4	   5.9x108	   -­‐	  	  
Viable	  counts	  from	  supernatant	  in	  wounded	  monolayers	  after	  thermal	  injury	  at	  
the	   time	  points	   indicated.	  Viable	  counts	  were	  carried	  out	   following	  methods	   in	  
section	  2.5.	  Values	  are	  presented	  as	  CFU/mL.	  	  






















3.4.	  3D	  skin	  model	  on	  Transwell	  inserts	  
	  
3.4.1.	  Generation	  of	  raft	  culture	  on	  Transwell	  inserts	  
The	   next	   step	   in	   the	   study	  was	   to	   attempt	   again	   the	   creation	   of	   a	   suitable	   3D	  
model	  of	  skin	  that	  can	  be	  used	  for	  thermal	  injury.	  We	  had	  already	  concluded	  that	  
Alvetex	  scaffolds	  were	  not	  suitable	  so	  Transwell	  inserts	  were	  trialled.	  Transwell	  
inserts	   have	   been	   used	   previously	   in	   the	   lab	   as	   a	   platform	   to	   grow	   skin	   raft	  
cultures.	   The	   inserts	   consist	   of	   a	   thin	   polyester	  membrane	   that	   allows	   cells	   to	  
grow	  and	  stack	  on	  top	  of	  each	  other	  to	  form	  multi-­‐layered	  cultures,	  which	  take	  
approximately	  28	  days	  to	  grow.	  Histological	  analysis,	  using	  H&E	  staining,	  of	  the	  
skin	   rafts	   required	   physical	   removal	   of	   the	   rafts	   from	   the	   inserts	   first.	   The	  
membrane	  supporting	  the	  raft	  in	  the	  Transwell	  insert	  had	  to	  be	  cut	  out	  using	  a	  
sharp	   surgical	   blade,	   which	   caused	   large	   areas	   of	   damage	   including	   raft	  
detachment	  from	  the	  membrane	  (Figure	  19B,	  D,	  G,	  H,	  and	  I)	  and	  caused	  difficulty	  
in	  distinguishing	  what	  was	  damage	  caused	  by	  wounding	  in	  future	  experiments.	  
However,	   those	   sections	   that	   were	   intact	   showed	   variability	   in	   raft	   thickness,	  
from	  three	  to	  seven	  cells	  thick,	  (Figure	  19A	  -­‐	  F),	  where	  the	  thicker	  rafts	  formed	  a	  
structure	   that	   looks	  very	  similar	   to	   the	  epidermis	  of	  human	  skin,	  but	   lacking	  a	  
stratum	   corneum	   layer	   (Figure	   20).	   There	   was	   also	   no	   obvious	   demarcation	  
between	   the	   dermis	   (fibroblasts)	   and	   epidermis	   (keratinocytes).	   There	   was	  
some	  indication	  that	  the	  keratinocytes	  in	  these	  raft	  cultures	  have	  become	  more	  
differentiated	  towards	  the	  top	  of	  the	  raft,	  where	  cells	  have	  become	  flatter	  (Figure	  
19A	  and	  19B)	  with	  the	  surface	  morphology	  (Appendix	  1;	  Figure	  S6)	  of	  squamous	  
epithelial	  cells	  (Lai-­‐Cheong	  et	  al.,	  2009).	  The	  need	  for	  fibroblasts	  in	  raft	  culture	  
generation	  was	  evaluated	  using	  neutral	  red	  (Appendix	  1;	  Figure	  S7).	  Absence	  of	  
fibroblasts	   didn’t	   have	   an	   effect	   on	   maturation	   of	   the	   skin	   raft	   as	   deemed	   by	  
changes	   in	   its	   morphology.	   However,	   the	   rafts	   lacking	   fibroblasts	   were	   less	  











Figure	  19.	  Irregularity	  in	  3D	  skin	  raft	  culture	  using	  the	  Transwell	  inserts.	  	  
Photographs	   were	   taken	   of	   H&E-­‐stained	   paraffin-­‐embedded	   cross-­‐sections	   of	  
mature	   skin	   rafts	   generated	   using	   the	   Transwell	   inserts,	   seeded	   with	   3x105	  
NHDFs	  and	   then	  1.5x106	  HaCaTs.	   Images	   (A,	  B,	  C)	  show	  the	   thickest	  skin	  rafts,	  
which	  are	  approximately	  seven	  cells	  thick.	  The	  outer	  layer	  of	  cells	  appears	  more	  
differentiated	   in	   (A	   and	  B),	  with	   squamous-­‐like	   cells	   (red	   arrow)	   on	   the	   outer	  
layer	  of	  the	  raft.	  Areas	  within	  each	  section	  had	  variable	  degrees	  of	  differentiation	  
as	   illustrated	  by	  (A	   -­‐	  C).	  Often	   the	  raft	  was	   intact	  but	  had	  come	  away	   from	  the	  
scaffold	  (B).	  Images	  (D,	  E,	  F)	  show	  another	  much	  thinner	  raft	  that	  was	  only	  three	  
cells	   thick.	   The	   image	   in	   (D)	   demonstrates	   how	   the	   raft	   can	   transition	   from	   a	  
thick	  to	  thin	  area	  that	  could	  be	  mistaken	  for	  a	  wound.	  Images	  (G,	  H,	  I)	  illustrate	  
damage	   that	   occurs	   to	   the	   raft	   during	   removal	   from	   insert	   or	   during	   the	  
histology	  processing.	  A	  significant	  proportion	  of	  each	  raft	  was	  damaged	  in	  some	  





















Figure	  20.	  Histological	  comparison	  of	  skin	  rafts	  grown	  on	  Transwell	  insert	  
and	  in	  vivo	  skin.	  
Photographs	   of	   H&E	   stained	   histological	   sections	   of	   skin	   from	   (A)	  mature	   raft	  
culture	  grown	  on	  Transwell	  inserts	  seeded	  with	  3x105	  NHDFs	  and	  then	  1.5x106	  
HaCaTs	  (Scale	  bar	  100	  μm)	  compared	  with	  (b)	  in	  vivo	  skin	  section	  (Emmert	  et	  al.,	  
2013).	  Red	  arrow	  indicates	  the	  stratum	  corneal	  layers	  on	  the	  in	  vivo	  skin	  section	  
















3.4.2.	  Transwell	  model	  for	  thermal	  injury	  	  
The	   thermal	   injury	   technique	  established	   in	   the	  2D	  model	  was	   then	   trialled	  on	  
skin	  rafts	  grown	  on	  Transwell	  inserts	  with	  neutral	  red	  used	  for	  cell	  visualisation.	  
The	  wounded	  area	  was	  easily	  identified	  through	  bright	  field	  microscopy	  (Figure	  
21)	  and	  photos	  were	  taken	  every	  24	  hrs	  up	  to	  four	  days.	  Neutral	  red	  staining	  did	  
not	   increase	  wound	  visibility	   compared	   to	   rafts	  with	  no	   stain	   (Figure	  21).	  The	  
washing	  steps	  in	  the	  staining	  process	  disrupted	  and	  washed	  away	  migrating	  and	  
intact	   raft	   cells,	   which	   caused	   cell	   loss	   and	   prevented	   wounds	   from	   closing	  
(Figure	  21B).	  Therefore	  neutral	  red	  was	  not	  used	  in	  further	  experiments.	  In	  the	  
absence	   of	   staining,	   cell	   proliferation	   from	   the	  wound’s	   edge	  was	   evident,	   and	  
wounds	  began	   to	  decrease	   in	  size	  within	   the	   four-­‐day	  observation	  period	  after	  
injury,	   although	   complete	   wound	   closure	   was	   not	   seen	   (Figure	   21A).	   Soluble	  
factors	   present	   in	   FCS	   can	   greatly	   influence	   cell	   proliferation	   and	   migration	  
(Kratz	  et	  al.,	  1995),	  therefore	  the	  concentration	  of	  FCS	  was	  altered	  in	  the	  media	  
added	   after	   thermal	   injury	   from	   10%	   FCS	   to	   5%	   FCS	   and	   0.5%	   FCS	  
(concentrations	   used	   in	   2D	   model).	   	   Photographs	   of	   the	   wounds	   immediately	  
after	  wounding	  (day	  zero)	  showed	  slight	  differences	  in	  cell	  damage	  (Figure	  22).	  
All	  burns	  created	  in	  rafts	  with	  media	  containing	  10%	  FCS	  (n	  =	  1)	  and	  0.5%	  FCS	  
(n	  =	  3)	  have	  a	  thickened	  area	  around	  the	  burn	  edge	  compared	  to	  the	  burns	  with	  
5%	  FCS	  (n	  =	  2)	  media.	  The	  reproducibility	  of	  thermal	  injury	  technique	  improved	  
over	  time	  with	  practise,	  where	  100%	  of	  Transwell	  membranes	  were	  intact	  after	  
thermal	   injury.	  Time	  lapse	  photography	  of	   the	  raft	  surface	  revealed	  burns	  with	  
5%	  FCS	  media,	   increased	  in	  cell	  density	  at	  the	  wound	  edge	  during	  the	  first	  day	  
after	  wounding,	  and	  the	  edges	  of	  the	  wound	  moved	  closer	  together.	  Migration	  of	  
cells	  across	   the	  wound	  area	  was	   then	  seen	  by	  day	   two	  and	  continued	  until	   the	  
wound	  was	  closed	  three	  days	  after	  thermal	  injury	  (Figure	  22B).	  Wounded	  rafts	  
with	  0.5%	  FCS	  failed	  to	  close	  within	  the	  four-­‐day	  observation	  period.	  The	  size	  of	  
the	  wounded	   area	   slowly	   decreased	   in	   size	   over	   the	   four	   days	   of	   observation,	  





















































eutral	  red	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  results	  in	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Figure	   22.	   Wound	   closure	   is	   affected	   by	   the	   concentration	   of	   FCS	   in	   the	  
media.	  	  	  
Time-­‐lapsed	   photographs	   of	   wound	   closure	   of	   representative	   wounds	   after	  
thermal	   injury	   on	   skin	   rafts	  with	   (A)	   10%	   FCS	   (B)	   5%	   FCS	   and	   (C)	   0.5%	   FCS	  
media.	  Rafts	  were	  generated	  on	  Transwell	  inserts	  seeded	  with	  3x105	  NHDFs	  and	  
then	  1.5x106	  HaCaTs.	  Each	   raft	   received	  one	  3	  mm	  burn	   from	  a	   copper	   rod	  at	  
80°C.	   The	   medium	   below	   the	   raft	   was	   then	   changed	   and	   contained	   the	  
percentage	   of	   FCS	   indicated.	   Three	   technical	   repeats	   for	   each	   condition	   were	  
generated.	  As	   the	  burning	  technique	  became	  more	  reproducible	   the	  number	  of	  
burned	  rafts	  with	  intact	  membranes	  increased.	  Images	  are	  representative	  of	  n	  =	  





3.4.3.	  Transwell	  thermal	  injury	  model	  supports	  bacterial	  inoculation.	  
With	  rafts	  grown	  on	  Transwell	   insert	  being	  a	  suitable	  model	   for	  thermal	   injury	  
the	  next	   step	  was	   to	   see	   if	   this	  model	   could	   be	  used	   to	   evaluate	   the	   impact	   of	  
Staphylococcal	   spp.	   In	   a	   preliminary	   trial,	   the	   surfaces	   of	   the	   rafts	   were	  
inoculated	  with	  S.	  aureus	   (approximately	  50	  bacteria	  per	  raft)	  or	  S.	  epidermidis	  
(approximately	  40	  bacteria	  per	  raft).	  Rafts	  were	   incubated	  in	  serum	  conditions	  
containing	   5%	   FCS,	   identified	   as	   the	   best	   suited	   conditions	   for	  wound	   closure	  
from	   the	  previous	  experiment,	   and	  photos	  were	   taken	  every	  24	  hrs	  up	   to	   four	  
days.	  	  Photographs	  revealed	  that	  all	  wounds	  had	  folded,	  thickened	  areas	  of	  cells	  
at	   the	   wound	   edge	   (Figure	   23)	   showing	   the	   burns	   had	   similar	   amounts	   of	  
damage	  caused	  by	  thermal	  injury.	  Cells	  density	  increased	  at	  all	  time	  points	  after	  
wounding	  with	   the	   thickened	  wound	  edges	  moving	   closer	   together	   in	   all	   rafts,	  
even	   in	   the	   presence	   of	   S.	   aureus	   and	   S.	   epidermidis	   (Figure	   23)	   although	   the	  
decrease	   in	   wound	   size	   was	   less	   in	   the	   presence	   of	   bacteria	   (Figure	   24).	  
Migration	   of	   cells	   along	   the	   wound	   surface	   was	   noticeable	   at	   day	   two	   for	   the	  
control	  wound	  and	  the	  wound	  was	  closed	  by	  day	  three	  (Figure	  23A),	  all	  control	  
rafts	   completed	   wound	   closure	   by	   day	   four	   (Figure	   24).	   Similar	   observations	  
were	  made	   for	   the	   rafts	   that	  were	   inoculated	  with	  S.	  epidermidis,	  with	   a	   small	  
amount	  of	  migration	  visible	  at	  day	  two	  (Figure	  23C)	  and	  wound	  closure	  around	  
day	   three/four	   (Figure	  24).	  Migration	  of	   cells	  was	   impaired	   to	  varying	  degrees	  
when	  burns	  were	  inoculated	  with	  S.	  aureus.	  One	  burn	  showed	  migration	  starting	  
at	  day	  two	  and	  the	  wound	  was	  able	  to	  close	  by	  day	  four	  (Appendix	  1;	  Figure	  S8).	  
The	  other	  two	  wounds	  had	  small	  areas	  where	  migration	  occurred	  at	  day	  three,	  a	  
day	  later	  than	  the	  control	  wounds.	  However,	  they	  both	  failed	  to	  complete	  wound	  
closure	  by	  day	  four	  with	  an	  obvious	  lack	  of	  cells	  in	  the	  open	  wound	  (Figure	  23B,	  
Appendix	  1;	  Figure	  S8).	  Although	  two	  wounds	  failed	  to	  heal	  in	  the	  presence	  of	  S.	  
aureus	  the	  slower	  wound	  closure	  rate	  was	  not	  greatly	  different	  to	  that	  of	  control	  



































































Figure	  23.	  Effects	  on	  wound	  closure	  rate	  in	  skin	  rafts	  when	  S.	  aureus	  and	  S.	  
epidermidis	  is	  present.	  
Time-­‐lapsed	   photographs	   of	   wound	   closure	   in	   representative	   wounds	   after	  
thermal	   injury	   on	   skin	   rafts	  with	   bacterial	   inoculation.	   (A)	   Control	  wound,	   no	  
bacteria,	  (B)	  S.	  aureus,	  initial	  inoculation	  of	  approximately	  50	  bacteria	  and	  	  (C)	  S.	  
epidermidis,	   initial	   inoculation	   of	   approximately	   40	   bacteria.	   Rafts	   were	  
generated	   on	   Transwell	   inserts	   seeded	   with	   3x105	   NHDFs	   and	   then	   1.5x106	  
HaCaTs.	   Each	   raft	   received	   one	   3	   mm	   burn	   from	   a	   copper	   rod	   at	   80°C.	   The	  
medium	   below	   the	   raft	   was	   then	   changed	   and	   contained	   5%	   FCS.	   Red	   lines	  
identify	   the	   area	   deemed	   absent	   of	  migrating	   cells	   to	   highlight	   the	   area	   of	   the	  
wound.	  Representative	  wounds	   from	   technical	   repeats,	  n	  =	  3,	  wound	  area	  was	  










Figure	  24.	  Wound	  closure	  rate	  comparison	  of	  control	  wounds	  and	  wounds	  
with	  S.	  epidermidis	  and	  S.	  aureus	  in	  Transwell	  3D	  raft	  culture.	  	  
The	   wounded	   area	   within	   the	   area	   within	   the	   raft	   culture	   that	   was	   deemed	  
absent	   of	  migrating	   cells	   after	   thermal	   injury	   as	   illustrated	   in	  Figure	  23.	   	   Each	  
wound	   was	   quantified	   using	   Fiji	   image	   software.	   Wound	   closure	   over	   time	   is	  
presented	  as	  a	  percentage	  normalised	  to	  initial	  wound	  area	  for	  every	  individual	  
wound.	  Graph	  represents	  the	  data	  of	  n	  =	  3	  at	  each	  time	  point.	  The	  differences	  at	  
each	  time	  point	  between	  control	  wounds	  and	  wounds	  with	  S.	  epidermidis	  and	  S.	  
aureus	  could	  not	  be	  statistically	  assessed	  using	  a	  Mann-­‐Whitney	  test	  (assuming	  
data	   is	  non	  parametric)	  because	  n	  =	  3,	   therefore	  differences	  was	  assumed	  non	  




























Bacterial	   viable	   counts	   were	   conducted	   to	   quantify	   unattached	   and	   attached	  
bacteria	  on	  the	  surface	  of	  the	  skin	  rafts	  at	  day	  four	  (Table	  16).	  Both	  S.	  epidermidis	  
and	   S.	   aureus	   survived	   and	   increased	   in	   number	   on	   the	   skin	   raft	   surface.	   The	  
viable	  counts	  for	  attached	  S.	  epidermidis	  were	  very	  similar	  from	  all	  4	  rafts,	  with	  
or	  without	   the	   burn	   (Table	   16).	   Results	   for	   S.	   epidermidis	   showed	   >100	   times	  
more	  bacteria	  were	  attached	  to	  the	  raft	  culture	  than	  were	  unattached	  (Table	  16).	  
The	  opposite	  was	  however	  seen	  for	  two	  rafts	  containing	  S.	  aureus	  where	  40-­‐50	  
times	  more	  bacteria	  was	  found	  not	  attached	  to	  the	  raft	  (Table	  16).	  For	  two	  rafts	  
infected	  with	  S.	  aureus	  viable	  counts	  for	  unattached	  cells	  could	  not	  be	  obtained.	  
S.	   epidermidis	   also	   had	   100	   times	   higher	   amounts	   of	   bacteria	   attached	   to	   the	  
wounded	   raft	   than	   the	  unwounded	   raft	   (Table	  16).	  The	   amount	  of	   attached	  or	  
unattached	  S.	  aureus	  to	  did	  not	  appear	  to	  correlate	  with	  the	  presence	  of	  a	  wound	  



































ith	  a	  3	  m
m
	  
copper	  rod	  at	  80°C,	  n	  =	  3.	  Rafts	  w
ere	  then	  infected	  w
ith	  approxim
ately	  50	  organism
s	  of	  S.	  aureus	  or	  approxim
ately	  40	  
organism
s	  of	  S.	  epiderm
idis.	  Bacterial	  suspension	  w
as	  rem
oved	  and	  rafts	  incubated	  at	  air-­‐liquid	  interface	  for	  four	  days.	  	  
Sam
ples	  for	  unattached	  bacteria	  w
ere	  collected	  in	  PBS	  used	  to	  w
ash	  raft	  surface.	  Sam
ples	  for	  attached	  bacteria	  w
ere	  collected	  
in	  Triton	  X-­‐100	  used	  to	  disrupt	  raft	  culture.	  	  
N
A	  =	  N






Table	  16.	  S.	  aureus	  and	  S.	  epiderm
idis	  w




















































































































3.5.	  Secretion	  of	  cytokines,	  enzymes	  and	  antimicrobial	  peptides	  from	  cells	  
in	  response	  to	  thermal	  injury	  in	  the	  2D	  and	  3D	  models	  	  
Healing	   in	   the	   skin	   is	   dependent	   on	   the	   timely	   and	   controlled	   production	   of	  
inflammatory	  cytokines	  such	  as	  IL-­‐1β,	  IL-­‐6	  and	  IL-­‐8	  (Gillitzer	  et	  al.,	  2001;	  Jiang	  et	  
al.,	   2012),	   and	   degradative	   enzymes	   such	   as	   MMP-­‐2	   and	   MMP-­‐9	   (Caley	   et	   al.,	  
2015;	  Martin,	  1997).	  The	  skin	  also	  produces	  antimicrobial	  peptides	  such	  as	  HBD-­‐
2	  and	  HBD-­‐3	  for	  protection	  against	  bacterial	  colonisation	  (MacLeod	  et	  al.,	  2016;	  
Sørensen,	   2016).	   Supernatant	   was	   collected,	   before	   and	   at	   one-­‐day	   intervals	  
after	   thermal	   injury,	   from	   the	  2D	  HaCaT	  monolayers	   and	   the	  outer	  well	   of	   the	  
Transwell	   raft	   cultures	   in	   both	   thermal	   injury	   and	   bacterial	   infection	  
experiments.	   For	   an	   indication	   of	   the	   effects	   of	   thermal	   injury	   and	   bacterial	  
infection	  on	  cell	  culture	  one	  representative	  wound	  was	  selected	  for	  analysis.	  
	  
The	  level	  of	  IL-­‐1β,	  IL-­‐6,	  IL-­‐8,	  HBD-­‐2	  and	  HBD-­‐3	  produced	  by	  the	  wound	  models	  
was	  then	  assessed	  using	  specific	  ELISAs.	  ELISA	  analyses	  did	  not	  demonstrate	  any	  
change	  in	  cytokine	  or	  AMP	  levels	  in	  response	  to	  wounding	  or	  wounds	  inoculated	  
with	  bacteria	  (data	  not	  shown).	  Although	  stimuli	  could	  not	  alter	  responses	  there	  
were	  some	  differences	  in	  the	  amount	  of	  cytokines	  being	  expressed	  between	  the	  
two	  models.	  	  IL-­‐1β	  could	  not	  be	  detected	  in	  the	  2D	  keratinocyte	  model,	  whereas	  
the	  raft	  model	  could	  produce	  small	  amounts	  ranging	  from	  3.5	  -­‐10	  pg/mL	  with	  a	  
peak	   of	   90-­‐127.3	   pg/mL	   at	   the	   24hr	   time	   point	   with	   and	   without	   stimuli	  
(Appendix	  1;	  Table	  S6).	  Raft	  cultures	  produced	  more	  IL-­‐6	  (≥	  715.3	  pg/mL)	  and	  
IL-­‐8	  (≥138.6	  pg/mL),	  compared	   to	   that	  of	   the	  HaCaT	  monolayers	  (IL-­‐6	  ≤	  445.8	  
pg/mL	  and	  IL-­‐8	  ≤	  156.0	  pg/mL)	  (Appendix	  1;	  Table	  S6).	  
	  
Zymography	   analysis	   for	   gelatinase	   activity	   of	   MMPs	   was	   performed	   on	  
supernatant	   from	   the	  HaCaT	  monolayers	   subjected	   to	   thermal	   injury.	  Bands	  of	  
92kDa	  corresponding	  to	  pro-­‐MMP-­‐9	  reduced	  in	   intensity	  one	  day	  after	  thermal	  
injury	   in	   SH	  wounds	   then	   returned	   to	   amounts	   seen	   before	  wounding	   for	   the	  
remaining	   time	   points	   (Figure	   25A	   and	   25B).	   The	   active	   form	   of	   the	   enzyme	  
(82kDa)	  was	  not	  seen	  at	  any	  of	  the	  time	  points.	  The	  bands	  (72kDa)	  of	  pro-­‐MMP-­‐
2	  slightly	  decreased	   in	   intensity	   in	   response	   to	   thermal	   injury	   (Figure	  25C	  and	  




showed	   an	   increase	   at	   day	   one	   after	   thermal	   injury	   and	   very	   small	   increases	  
were	  observed	  at	  days	  three	  and	  four.	  In	  the	  FH	  wounds	  pro	  and	  active	  MMP-­‐9	  
both	   increased	   in	   response	   to	   thermal	   injury	   peaking	   at	   day	   two	   and	   three	  
respectively	   (Figure	   25E	   and	   25F).	   Pro	   and	   active	  MMP-­‐2	   peak	   day	   one	   in	   FH	  
wounds,	  returning	  to	  levels	  seen	  in	  unwounded	  supernatant	  by	  day	  four	  (Figure	  
25G	  and	  25H).	  	  
	  
Zymography	   analysis	   was	   then	   performed	   on	   supernatant	   taken	   from	   the	   SH	  
wounds	  infected	  with	  bacteria	  after	  one	  day	  and	  every	  day	  after	  up	  to	  four	  days.	  	  
No	   active	   forms	   of	  MMP-­‐9	   or	  MMP-­‐2	   could	   be	   detected	   in	   any	   of	   the	   samples	  
across	   the	   four	   days.	   S.	   lugdunensis,	   S.	   haemolyticus,	   S.	   capitis	   and	   S.	   aureus	  
reduced	   both	   pro-­‐MMP-­‐9	   and	  pro-­‐MMP-­‐2	   at	   day	   one	   and	  S.	  epidermidis	   and	   S.	  
hominis	   were	   similar	   to	   control	   (Figure	   26A	   and	   26B).	   There	   was	   an	   even	  
decrease	  with	   all	   bacteria	   for	   both	  MMPs	   at	   day	   two	   compared	   to	   the	   control	  
(Figure	  26C	  and	  26D).	  Pro-­‐MMP-­‐9	  was	  reduced	  at	  day	  three	  by	  S.	  epidermidis,	  S.	  
haemolyticus,	  S.	  hominis	  and	  S.	  aureus,	  whereas	  S.	  lugdunensis	  and	  S.	  capitis	  were	  
similar	  to	  control	  (Figure	  26E	  and	  26F).	  All	  bacteria	  reduced	  pro-­‐MMP-­‐2	  at	  day	  
three	   compared	   to	   control,	   where	   the	   least	   reduction	   was	   observed	   with	   S.	  
lugdunensis	   (Figure	   26E	   and	   26F).	   All	   the	   bacteria	   reduced	   both	   MMPs	   in	  
comparison	  to	  the	  control	  at	  day	  four.	  However,	  S.	  epidermidis	  was	  more	  similar	  
to	  control	  for	  pro-­‐MMP-­‐2	  (Figure	  26G	  and	  26H).	  
	  
Zymography	  analysis	  of	  supernatant	  from	  the	  3D	  raft	  culture	  showed	  raft	  models	  
had	  more	  gelatinase	  activity	  than	  the	  2D	  model,	  particularly	  MMP-­‐9	  (Figure	  25	  
and	  27).	  Pro	  and	  active	  forms	  of	  MMP-­‐9	  increased	  in	  response	  to	  thermal	  injury	  
from	  one	  day	   onwards	   (Figure	  27A	   and	  27B).	  Active	  MMP-­‐9	  peaks	   at	   day	   two	  
after	   thermal	   injury.	   Pro	   form	   of	  MMP-­‐2	   reduces	   slightly	   after	   thermal	   injury,	  
seen	  at	   all	   time	  points	  over	   the	   four	  days	  post	   thermal	   injury	   (Figure	  27C	  and	  
27D).	   In	   contrast	   the	   active	   form	   of	   MMP-­‐2	   increases	   after	   thermal	   injury	  
peaking	   at	   day	   four.	  Wounded	   3D	   raft	   cultures	   inoculated	   with	   bacteria	   were	  
then	   analysed.	   No	   change	  was	   seen	   in	   the	   pro	   forms	   of	  MMP-­‐9	   and	  MMP-­‐2	   in	  
response	  to	  bacteria	  (Figures	  28A,	  C,	  E,	  and	  G).	  Active	  MMP-­‐9	  levels	  in	  wounded	  




then	   returned	   to	   that	  of	   control	  by	  day	   three	   (Figure	  28).	  Active	  MMP-­‐2	   levels	  
while	  initially	  equivalent	  to	  that	  of	  controls	  at	  day	  one	  reduced	  at	  days	  two	  and	  
three	   post	   wounding,	   particularly	   in	   S.	   aureus	   infected	   rafts	   (Figure	   28).	  
Together	  these	  results	  suggest	  that	  the	  presence	  of	  bacteria	  reduces	  the	  level	  of	  
MMPs	   produced	   by	   the	   epithelial	   cells,	   where	   a	   greater	   reduction	   results	   in	  
































































































































































































































































































































Figure	   25.	  MMP-­‐2	   and	  MMP-­‐9	   levels	   in	  HaCaT	   supernatant	   after	   thermal	  
injury	  in	  the	  2D	  model.	  	  
Gelatinase	   activity	   in	   the	   supernatant	   from	   2D	   model	   after	   thermal	   injury.	  
Complete	   media	   changes	   were	   made	   at	   the	   time	   points	   indicated.	   Gelatin	  
zymography	  (inverted	  images)	  from	  a	  representative	  SH	  wound	  with	  0.5%	  FCS	  
(A	  and	  C)	  and	  a	  representative	  FH	  wound	  with	  5%	  FCS	  (E	  and	  G).	  Bands	  of	  92	  
and	  82	  kDa	  correspond	  to	  the	  Pro-­‐	  and	  Active-­‐forms	  of	  MMP-­‐9	  and	  bands	  of	  72	  
and	  68	  kDa	  correspond	  to	  the	  pro-­‐	  and	  active-­‐forms	  of	  MMP-­‐2	  and	  are	  labelled.	  
The	  relative	  band	  intensities	  from	  the	  zymograms	  (A,	  C,	  E,	  G)	  were	  quantified	  in	  



















































































































































































































































































































































































































































Figure	  26.	  MMP-­‐2	  and	  MMP-­‐9	  levels	  in	  HaCaT	  supernatant	  one,	  two,	  three,	  
and	   four	   days	   after	   thermal	   injury	   and	   bacterial	   inoculation	   in	   the	   2D	  
model.	  	  
Gelatinase	  activity	   in	   the	  supernatant	   from	  2D	  model	  after	   thermal	   injury	  with	  
bacteria.	   Bacteria	   include	   S.	   epidermidis,	   S.	   lugdunensis,	   S.	   haemolyticus,	   S	  
hominis,	  S.	  capitis	  and	  S.	  aureus.	  Complete	  media	  changes	  were	  made	  1,	  2,	  3,	  and	  
4	   days	   after	   thermal	   injury.	   Gelatin	   zymography	   (inverted	   images)	   from	   SH	  
wounds	  with	  0.5%	  FCS	  (A,	  C,	  E,	  and	  G).	  One	  representative	  wound	  infected	  with	  
25	  –	  50	  organisms	  each	  of	  the	  bacteria	  was	  analysed.	  Control	  is	  a	  wound	  without	  
bacterial	   infection.	   Bands	   of	   92	   and	   72	   kDa	   correspond	   to	   the	   Pro-­‐	   forms	   of	  
MMP-­‐9	  and	  MMP-­‐2	  are	   labelled.	  No	  active	   forms	  of	  MMP-­‐9	  or	  MMP-­‐2	  could	  be	  
seen.	   The	   relative	   band	   intensities	   from	   the	   zymograms	   (A,	   C,	   E,	   G)	   were	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Figure	  27.	  MMP-­‐2	  and	  MMP-­‐9	  levels	  in	  raft	  supernatant	  following	  thermal	  
injury	  in	  the	  3D	  model.	  	  
Gelatinase	   activity	   in	   the	   supernatant	   from	   3D	   Transwell	   raft	   culture	   after	  
thermal	  injury.	  Complete	  media	  changes	  were	  made	  at	  the	  time	  points	  indicated.	  
Gelatin	   zymography	   (inverted	   images)	   from	   raft	   culture	   supernatant	   of	   one	  
representative	  wound,	  with	  Bands	  of	  92	  and	  82	  kDa	  correspond	  to	  the	  Pro-­‐	  and	  
Active-­‐forms	  of	  MMP-­‐9	  (A)	  and	  bands	  of	  72	  and	  68	  kDa	  correspond	  to	  the	  pro-­‐	  
and	   active-­‐forms	   of	   MMP-­‐2	   and	   are	   labelled	   (C).	   Zymograms	   for	   MMP-­‐9	   and	  
MMP-­‐2	  are	  from	  the	  same	  gel;	  unfortunately	  the	  amount	  of	  MMP-­‐9	  is	  overloaded	  
in	  order	  for	  a	  response	  in	  active	  MMP-­‐2	  to	  be	  seen.	  The	  relative	  band	  intensities	  
from	   the	   zymograms	   (A	   and	   C)	   were	   quantified	   in	   Image	   studio	   lite	   and	  














































































































Figure	  28.	  S.	  epidermidis	  and	  S.	  aureus	  decrease	  active	  MMP-­‐2	  and	  MMP-­‐9	  
levels	  in	  supernatant	  from	  wounded	  3D	  raft	  culture.	  
Gelatinase	   activity	   in	   the	   supernatant	   from	   wounded	   raft	   cultures	   grown	   on	  
Transwell	   inserts,	  with	  S.	  epidermidis,	   or	  S.	  aureus,	   and	   control	  wound	  with	  no	  
bacteria.	   	   Approximately	   40	   and	   50	   organisms	   of	   S.	   epidermidis	   and	   S.	   aureus	  
were	  inoculated	  onto	  raft	  cultures	  respectively.	  Complete	  media	  changes	  at	  one,	  
two,	   three,	   and	   four	   days	   after	   thermal	   injury.	   Gelatin	   zymography	   (inverted	  
images)	  from	  raft	  cultures	  of	  representative	  wound	  with	  bands	  of	  92	  and	  82	  kDa	  
correspond	  to	  the	  Pro-­‐	  and	  Active-­‐forms	  of	  MMP-­‐9,	  and	  bands	  of	  72	  and	  68	  kDa	  
correspond	  to	  the	  pro-­‐	  and	  active-­‐forms	  of	  MMP-­‐2	  and	  are	  labelled.	  The	  relative	  
band	   intensities	   of	   active	   MMP-­‐9	   (82kDa)	   and	  MMP-­‐2	   (64kDa)	   in	   (A,	   C,	   E,	   G)	  














Skin	  provides	  a	  protective	   interface	  between	  the	  external	  environment	  and	  the	  
internal	   organs.	  When	  breached,	   the	   skin	  needs	   to	  heal	  quickly	   and	   restore	   its	  
barrier	   function	   (Martin,	   1997).	   Burns	   are	   one	   of	   the	   most	   common	   and	  
devastating	  forms	  of	  trauma	  that	  can	  destroy	  the	  skin	  barrier	  function	  (Church	  et	  
al.,	   2006).	   While	   the	   wound	   surface	   is	   open	   to	   the	   environment	   it	   becomes	  
susceptible	   to	   colonisation	   by	   microorganisms,	   which	   may	   lead	   to	   infection	  
(Dryden,	  2009;	  Percival	  et	  al.,	  2012).	  These	  microorganisms	  can	  either	  be	  from	  
commensal	  or	  environmental	  origin	   (Church	  et	   al.,	   2006;	  Percival	   et	   al.,	   2012).	  
Gram-­‐positive	   commensal	   bacteria	   that	   survive	   the	   thermal	   insult,	   such	   as	  
staphylococci	   heavily	   colonize	   the	  wound	   surface	  within	   48	   hrs	   (Church	   et	   al.,	  
2006).	   Subsequent	   infection	   of	   burn	   wounds	   by	   pathogenic	   bacteria	   such	   as	  
Pseudomonas	  aeruginosa	   can	  result	   in	  acute	  wounds	  becoming	  chronic	  wounds	  
(Church	  et	  al.,	  2006).	  In	  this	  study	  the	  objective	  was	  to	  establish	  skin	  models,	  3D	  
and	  2D,	  suitable	  for	  thermal	  injury,	  and	  then	  use	  these	  models	  to	  investigate	  the	  
impact	   of	   commensal	   coagulase	   negative	   staphylococci	   and	   the	   pathogen	   S.	  
aureus	  on	  healing	  and	  their	  ability	  to	  colonise	  the	  wound.	  This	  was	  evaluated	  by	  
measuring	   burn	   closure	   rate	   and	   the	   levels	   of	   inflammatory	   cytokines,	  
antimicrobial	   peptides	   (AMPs)	   and	   degradative	   enzymes	   (MMPs)	   produced	  
following	  bacterial	  colonization.	  	  
	  	  
4.1.	  Alvetex	  scaffolds	  
	  
4.1.1.	  3D	  cell	  culture	  in	  Alvetex	  scaffolds	  
Organotypic	   3D	   cultures	   have	   been	   developed	   to	   mimic	   the	   structure	   and	  
environment	  of	  native	  human	  skin.	  The	  basis	  of	  these	  cultures	  is	  a	  scaffold	  that	  
can	   support	   the	   growth	   of	   fibroblasts	   to	   mimic	   the	   dermis	   on	   to	   which	  
keratinocytes	   can	   differentiate	   then	   stratify	   at	   the	   air-­‐liquid	   interface.	   These	  
cultures	   have	   furthered	   the	   understanding	   of	   epidermal	   cell	   biology	   and	  
provided	   novel	   experimental	   systems	   (Carlson	   et	   al.,	   2008)	   for	   examining	  
cutaneous	  wound	  healing	  (Carlson	  et	  al.,	  2009b).	  Methods	  and	  scaffolds	  used	  to	  
grow	  3D	  skin	  raft	  cultures	  can	  be	  altered	  and	  modified	  to	  give	  a	  working	  model	  




In	  the	  present	  study,	  the	  first	  objective	  was	  to	  establish	  a	  3D	  model	  suitable	  for	  
thermal	   injury.	   Initial	   attempts	  were	  made	   to	   grow	  3D	   skin	   raft	   cultures	   in	   an	  
Alvetex	  scaffold.	  The	  solid	  nature	  of	  the	  Alvetex	  scaffold	  with	   its	  porous	  matrix	  
provides	   a	   natural	   3D	   tissue	   like	   structure	   with	   greater	   cell-­‐to-­‐cell	   contact,	  
resulting	  in	   increased	  intercellular	  signalling	  (Arnette	  et	  al.,	  2016;	  Knight	  et	  al.,	  
2015).	  Following	   the	  manufacturer’s	  guidelines	  and	   recommended	  cell	   seeding	  
densities	  produced	  rafts	   that	  were	  uneven.	  Variation	   in	   fibroblast	  cell	  numbers	  
within	  the	  porous	  matrix	  affected	  the	  development	  of	  the	  epidermal	  layer.	  Small	  
areas	  of	  the	  rafts	  with	  higher	  cell	  density	  more	  closely	  resembled	  full	  thickness	  
human	  skin	  with	  a	  highly	  cellularised	  scaffold	  and	  a	  stratified	  layer	  of	  cells	  on	  its	  
surface.	   The	   cells	  within	   the	   epidermal	   layer	   varied	   in	  morphology	   and	   lacked	  
keratinization.	  To	  enhance	  the	  differentiation	  process,	  changes	  to	  the	  medium	  in	  
later	  stages	  of	   the	   incubation	  at	   the	  air	   liquid	   interface	  were	  applied,	   following	  
the	   recommendations	   of	   Carlson	   et	   al.,	   2008.	   Altering	   the	   level	   of	   calcium	  
chloride	   in	   raft	   culture	   media	   induced	   the	   cells	   in	   the	   epidermal	   layer	   to	  
differentiate.	   Layered,	   flat	   cells	   with	   no	   organelles	   resembling	   differentiated	  
keratinocytes	  were	  seen	  even	  when	  detached	  from	  the	  raft	  or	  when	  the	  scaffold	  
was	  destroyed.	  	  
	  
Other	  studies	  have	  also	  found	  that	  cells	  within	  organotypic	  models,	  in	  contrast	  to	  
HSE	  models	  and	  ex	  vivo,	  appear	  to	  be	  very	  active	  and	  can	  lack	  ECM	  in	  the	  dermal	  
component	  (Eckhart	  et	  al.,	  2003;	  El	  Ghalbzouri	  et	  al.,	  2005;	  Grinnell,	  2003;	  Xu	  et	  
al.,	   2012).	   ECM	   is	   important	   for	   correct	   cell-­‐to-­‐cell	   connections	   between	  
neighbouring	   fibroblasts	   cells	   and	   fibroblast-­‐keratinocyte	   interactions	   needed	  
for	   proper	   differentiation	   (Arnette	   et	   al.,	   2016;	   Xu	   et	   al.,	   2012).	   The	   basement	  
membrane	   anchors	   the	   epidermis	   to	   the	   loose	   connective	   tissue	   of	   the	   dermis	  
(Brohem	   et	   al.,	   2011;	   Eckhart	   et	   al.,	   2003;	   El	   Ghalbzouri	   et	   al.,	   2003;	   El	  
Ghalbzouri	  et	  al.,	  2005;	  LeBleu	  et	  al.,	  2007).	  This	  basement	  membrane	  also	  helps	  
basal	   keratinocytes	   differentiate	   to	   form	   the	   layers	   of	   the	   epidermis	   and	  
ultimately	  create	  a	  barrier	  to	  the	  external	  environment	  (LeBleu	  et	  al.,	  2007;	  Segal	  
et	   al.,	   2008).	   Organotypic	   rafts	   cultures	   using	   immortalised	   cell	   lines	  
incompletely	  form	  a	  basement	  membrane	  (few	  keratinocytes	  producing	  laminins	  




form	   a	   complete	   basement	  membrane	   (Reijnders	   et	   al.,	   2015;	   Xu	   et	   al.,	   2012).	  
Therefore,	   collagen	   was	   added	   to	   the	   dermal	   scaffold	   to	   support	   fibroblast	  
growth	   and	   matrigel	   was	   added	   as	   a	   basement	   membrane	   to	   increase	  
keratinocyte	   differentiation	   and	   attachment	   to	   the	   dermal	   compartment.	   The	  
ECM	   changes	   separately	   or	   in	   combination	   did	   not	   improve	   raft	   culture.	  
Increased	   amount	   of	   collagen	   restricted	   the	   fibroblasts	   to	   one	   area	  within	   the	  
scaffold,	  where	  fibroblasts	  don’t	  migrate	  within	  collagen	  matrices	  without	  some	  
sort	   of	   stimulation	   (Grinnell,	   2003;	   Rhee,	   2009;	   Sun	   et	   al.,	   2004).	   Therefore	  
leaving	  the	  majority	  of	  the	  scaffold	  unpopulated	  by	  fibroblasts	  and	  subsequently	  
populated	  by	  cells	  after	  keratinocytes	  were	  seeded.	  Matrigel	  also	  prevented	  an	  
even	  coating	  of	  keratinocytes,	  most	  likely	  due	  to	  clumping,	  as	  it	  solidifies	  at	  room	  
temperature.	   Matrigel	   also	   had	   no	   effect	   on	   overall	   differentiation	   of	   the	  
epidermal	  layer.	  	  
	  
Extensive	  modifications	   to	   construct	   even	   skin	   rafts	   that	   resemble	  human	   skin	  
proved	   too	   difficult	   to	   get	   working	   in	   the	   time	   allocated.	   However,	   the	   steps	  
made	  went	  a	  long	  way	  towards	  optimising	  this	  3D	  culture	  model.	  Recent	  studies	  
using	   the	   same	  Alvetex	   scaffold	   format	  did	  however	   successfully	  produce	   rafts	  
that	  resembled	  human	  skin	  (Hill	  et	  al.,	  2015;	  Lovat	  et	  al.,	  2016),	  both	  with	  highly	  
stratified	   and	   keratinized	   epidermis.	   These	   studies	   increased	   cell-­‐seeding	  
concentrations	  to	  2x106	  cells/mL	  and	  extended	  incubation	  times.	  Hill	  et	  al.,	  2015	  
also	  included	  ascorbic	  acid	  in	  the	  media	  during	  fibroblast	  incubation	  to	  promote	  
synthesis	   of	   collagen.	   Successful	   studies	   also	   used	   human	   keratinocytes,	   from	  
excised	   skin,	   incubated	   on	   a	   feeder	   layer	   of	   3T3	  mouse	   embryonic	   fibroblasts	  
(Carlson	  et	  al.,	  2008;	  Carlson	  et	  al.,	  2009b;	  Hill	   et	  al.,	  2015;	  Lovat	  et	  al.,	  2016).	  
Additional	   supplements	   to	   raft	  media	   (e.g.	   ascorbic	  acid	  and	  epidermal	  growth	  
factor)	   can	   promote	   cellular	   protein	   expression	   and	   increase	   the	   life	   span	   and	  
differentiation	  of	  the	  raft	  (Arnette	  et	  al.,	  2016).	  This	  may	  explain	  why	  it	  was	  not	  
possible	   to	   achieve	   an	   epidermis	   with	   a	   stratum	   corneum,	   as	   the	   cell	   line	   for	  
keratinocytes	   was	   an	   immortalised	   cell	   line	   that	   has	   been	   shown	   to	   have	  
differentiation	   and	   stratification	   deficiencies	   in	   3D	   organotypic	   cultures	  





Alvetex	   scaffolds	   used	   to	   create	   a	   full	   thickness	   skin	  model	   enabled	   study	   of	   early	  
melanoma	  invasion	  (Hill	  et	  al.,	  2015)	  and	  skin	  irritant	  testing	  (Hill	  et	  al.,	  2015;	  Lovat	  
et	  al.,	  2016).	  No	  current	  studies	  have	  used	  this	  skin	  model	  for	  wounding.	  During	  raft	  
development	   and	   attempted	   burning,	   visualised	   using	   neutral	   red	   stain,	   no	   cell	  
migration	  was	  observed	  through	  the	  scaffold	  and	  the	  wound	  was	  unable	  to	  close	  with	  
cell	   loss	  occurring	  following	  injury.	  Histological	  analysis	  showed	  deformation	  of	  the	  
scaffold	  where	   the	   burn	  was	   administered.	   This	   suggests	   that	   thermal	   injury	  may	  
have	  melted	  the	  scaffold	  and	  released	  toxic	  substances	  into	  its	  surrounding	  causing	  
cell	  death	  or	  preventing	  cell	  migration.	  The	  polystyrene	  used	  in	  these	  scaffolds	  is	  inert	  
(Alvetex	   3D	   cell	   culture	   technology,	   March	   2015-­‐2017),	   melting	   at	   temperatures	  
between	   210-­‐249°C	   (Everything	   you	   need	   to	   know	   about	   polystyrene	   (PS),	  March	  
2017).	  Another	  possibility	   is	   that	   the	  nature	  of	   the	  porous	  matrix	  may	  prevent	  cell	  
migration.	   Indeed,	  high	  cell	   seeding	  concentrations	  were	  needed	   to	   fill	   the	  scaffold,	  
and	   cells	   did	   not	   appear	   to	   migrate	   into	   the	   empty	   pockets	   within	   the	   matrix.	  
Together	  these	  findings	  suggest	  that	  this	  model	  may	  not	  be	  suitable	  for	  skin	  wound	  or	  
burn	  studies.	  
	  
4.1.2.	  Visualisation	  of	  cells	  within	  the	  Alvetex	  scaffolds	  
Alvetex	  scaffold	  polystyrene	  can	  in	  the	  presence	  of	  xylene,	  warp	  or	  dissolve	  (Histology	  
series	   part	   3,	  March	   2015).	   The	  Histology	   Services	  Unit	   at	   the	  University	   of	  Otago	  
solely	   uses	   xylene	   when	   processing	   tissues	   for	   paraffin	   embedding	   and	   during	  
automated	  H&E	  staining.	  	  An	  alternative	  clearing	  agent	  to	  xylene	  is	  Histoclear.	  Initially	  
methods	   for	   paraffin	   embedding	   were	   adapted	   to	   remove	   steps	   involving	   xylene,	  
however	  it	  could	  not	  be	  avoided	  in	  the	  H&E	  staining	  procedure	  in	  the	  Histology	  units	  
automated	  system,	  and	  the	  department	  refused	  to	  find	  a	  solution.	  It	  is	  therefore	  likely	  
that	  xylene	  contributed	  to	  cell	  loss	  and	  scaffold	  destruction	  in	  the	  sections	  obtained.	  
After	   sourcing	   Histoclear	   II	   from	   the	   only	   supplier	   in	   the	   country,	   staining	   was	  
manually	  carried	  out.	  The	  use	  of	  Histoclear	  II	  did	  not	  improve	  quality	  of	  the	  sections,	  
and	   instead	   created	   a	   problem	   with	   coverslip	   mounting,	   as	   it	   reacted	   with	   DPX	  
producing	  a	  purple	  precipitate.	  Alvetex	  guidelines	  recommend	  the	  use	  of	  Histoclear	  
with	  DPX	   as	   the	  mountant.	   It	   is	   possible	   that	  Histoclear	   I	   is	   compatible	  with	  DPX,	  
however	  Histoclear	  II	  is	  not	  (Suggested	  procedures	  for	  processing	  fixed	  tissue,	  2017),	  




As	  histological	  processing	  posed	  many	  problems	  another	  technique	  was	  chosen	  
for	  raft	  culture	  visualisation.	  A	  non-­‐toxic	  stain,	  neutral	  red,	  was	  used	  to	  identify	  
cells	   throughout	   skin	   raft	   development	   and	   during	   the	   thermal	   injury	  
experiments.	  Advantages	  of	  using	  neutral	  red	  are:	  a)	  cell	  nuclei	  are	  stained	  red	  
making	  them	  visible	  against	  the	  scaffold,	  which	  at	  200	  μm	  thick,	  makes	  it	  difficult	  
to	   visualise	   the	   raft	   using	   bright	   field	   microscopy;	   b)	   neutral	   red	   is	   non-­‐toxic	  
allowing	   continuous	  monitoring	   of	   the	   culture.	   This	   technique	   allowed	   for	   the	  
identification	  of	  problems	  with	  the	  methods	  as	  discussed	  in	  the	  above	  section.	  
	  
4.2.	  2D	  keratinocyte	  monolayers	  
	  
4.2.1.	  2D	  keratinocyte	  monolayer	  to	  model	  thermal	  injury	  
A	  well-­‐developed	  method	   to	   study	   cell	   migration	   is	   the	   in	   vitro	   scratch	   assay,	  
which	   mimics	   migration	   of	   basal	   keratinocytes	   during	   wound	   healing	   in	   vivo	  
(Liang	  et	  al.,	  2007).	  It	  is	  relatively	  cheap	  to	  set	  up,	  as	  it	  doesn’t	  require	  too	  many	  
additional	  materials	  and	  conditions	  needed	   for	  cell	   culture.	  This	  study	  adapted	  
the	  scratch	  assay	  into	  a	  burn	  assay	  to	  assess	  cell	  migration	  after	  thermal	  injury.	  A	  
thermal	   wounding	   technique	   had	   not	   been	   established	   for	   2D	   cell	   monolayer	  
models.	  An	  objective	  of	   this	  study	  was	  to	  create	  a	  reproducible	  burn	  technique	  
that	  could	  be	  used	  across	  the	  models	  in	  this	  study.	  Tools	  used	  for	  thermal	  injury	  
in	   3D,	   ex	   vivo	   and	   animal	  models	   in	   the	   literature	   include	   stainless	   steel	   rods	  
heated	  with	  an	  open	  flame	  (Topping	  et	  al.,	  2006),	  a	  metal	  bar	  cooled	  with	  liquid	  
nitrogen	  (Eisenbarth	  et	  al.,	  2009;	  El	  Ghalbzouri	  et	  al.,	  2003),	  copper	  rod	  attached	  
to	   a	   soldering	   iron	   and	   heated	   to	   95°C	   (Coolen	   et	   al.,	   2008),	   and	   brass	   plate	  
heated	  to	  100°C	  in	  boiling	  water	  (Papp	  et	  al.,	  2004)	  are	  just	  a	  few	  examples.	  The	  
size	   and	   the	  nature	  of	   the	   culture	  plates	   or	   inserts	   of	   the	  models	   in	   this	   study	  
restricted	  the	  type	  and	  temperature	  of	  the	  implements	  to	  trial.	  The	  size	  of	  3	  mm	  
width/diameter	  was	   chosen,	   as	   it	  was	   half	   the	   size	   of	   a	   Transwell	   insert,	   the	  
smallest	  size	  model	  platform	  used.	  All	  wounding	  methods	  were	  trialled	  in	  this	  2D	  
keratinocyte	  model.	  With	  all	  experiments	  taking	  place	   in	  a	  class	  II	  safety	  cabinet	  
an	  open	  flame	  could	  not	  be	  used	  as	  a	  method	  to	  heat	  the	  implement.	  The	  use	  of	  a	  
loop	  steriliser	  (Bacti-­‐Cinerator)	  to	  heat	  a	  3	  mm	  loop	  resulted	  in	  the	  24	  well	  plate	  




the	   laboratory	   with	   no	   success	   in	   reproducibility	   we	   obtained	   some	   3	   mm	  
diameter	  copper	  rod,	  and	  applied	  the	  water	  bath	  method	  for	  heating.	  Heating	  the	  
water	   bath	   to	   92°C	   allowed	   the	   rod	   to	   cool	   slowly	   to	   80°C	   giving	   a	  wider	   time	  
frame	  to	  administer	  the	  burn,	  resulting	  in	  a	  reproducible	  method	  without	  melting	  
the	   plastic.	   The	   keratinocyte	   monolayer	   could	   effectively	   heal	   and	   this	  
keratinocyte	   thermal	   injury	   model	   displayed	   cell	   migration	   in	   a	   manner	  
reminiscent	  of	  wound	  re-­‐epithelisation	  in	  vivo	  (Enoch	  et	  al.;	  Martin,	  1997).	  	  
	  
4.2.2.	   2D	   Keratinocyte	   thermal	   injury	   model	   to	   investigate	   the	   effects	   of	  
Staphylococcal	  spp	  on	  wound	  closure	  
According	  to	  Church	  et	  al.	  (2006),	  burn	  wounds	  are	  heavily	  colonised	  in	  the	  first	  
48hr	   after	   thermal	   injury.	   The	   2D	  model	  was	   therefore	   adapted	   to	   evaluate	   the	  
effects	  of	  bacterial	  colonization/infection	  in	  the	  early	  stages	  of	  healing.	  The	  effects	  
of	   colonisation	   with	   a	   typical	   pathogen	   (S.	   aureus),	   known	   to	   cause	   chronic	  
infection	   in	   burn	   wounds,	   and	   common	   CoNS	   skin	   commensals	   that	   are	  
opportunistic	  pathogens	   in	   the	  hospital	   environment	  were	  assessed.	   It	  has	  been	  
previously	   shown	   in	   the	   2D	   scratch	   assay	   (or	   intact	  monolayers)	   that	   S.	   aureus	  
prevents	  cell	  migration	  and	  causes	  loss	  of	  viability	  when	  S.	  aureus	  is	  greater	  than	  
108	  CFU/mL	  (Jeffery	  et	  al.,	  2015;	  Kirker	  et	  al.,	  2009;	  Tankersley	  et	  al.,	  2014).	  In	  the	  
present	   study	  S	  aureus	   impeded	  wound	  healing	  and	   caused	   loss	  of	   cell	   viability,	  
whereas	  S.	  epidermidis	  did	  not.	  This	  supports	  the	  proposed	  hypothesis	  as	  S.	  aureus	  
is	  known	  to	  excrete	  virulence	  factors	  (e.g.	  Hla	  and	  Phenol-­‐soluble	  modulins)	  and	  
carries	  the	  PVL	  gene	  encoded	  for	  a	  pore	  forming	  toxin	  PVL	  that	  is	  toxic	  to	  tissues,	  
where	  S.	  epidermidis	  is	  opportunistic	  and	  does	  not	  have	  these	  pore	  forming	  toxins	  
(Bojar	  et	  al.,	  2002;	  Cogen	  et	  al.,	  2008;	  Percival	  et	  al.,	  2012).	  The	  S.	  aureus	   strain	  
used	  in	  this	  study	  was	  PVL+.	  
	  
The	   CoNS	   S.	   lugdunensis	   can	   cause	   severe	   infections	   similar	   to	   S.	   aureus,	   with	  
infections	  becoming	  aggressive	  and	  life	  threating	  (Babu	  et	  al.,	  2011;	  Becker	  et	  al.,	  
2014;	  Bocher	  et	  al.,	  2009;	  Frank	  et	  al.,	  2008;	  Lourtet-­‐Hascoët	  et	  al.,	  2016).	  In	  the	  
2D	  keratinocyte	  thermal	  injury	  model,	  S.	  lugdunensis	  did	  impede	  wound	  healing,	  
but	  not	  as	  aggressively	  as	  S.	  aureus	  with	  loss	  of	  cell	  viability	  occurring	  only	  under	  




aureus.	   S.	   lugdunensis	   impeded	  wound	   closure	   rate	   in	   a	   similar	  manner	   to	   the	  
other	  CoNS;	  S.	  haemolyticus,	  S.	  hominis	  and	  S.	  capitis.	  Surprisingly	  S.	  lugdunensis	  
had	  a	  statistically	  significant	  positive	  affect	  on	  wound	  closure	  rate	  one	  day	  after	  
thermal	  injury	  in	  the	  presence	  and	  absence	  of	  serum.	  This	  was	  not	  seen	  with	  any	  
of	   the	   other	   CoNS	   bacteria,	   nor	   has	   it	   been	   reported	   in	   the	   literature.	   Future	  
studies	  could	  examine	  whether	  something	  produced	  by	  S.	  lugdunensis	   increases	  
cell	  migration	  when	  bacterial	  numbers	  are	  low.	  	  
	  
S.	   haemolyticus,	   S.	   hominis	   and	   S.	   capitis	   are	   bacteria	   that	   can	   cause	   hospital	  
acquired	  infections	  associated	  with	  medical	  devices,	  foreign	  body	  infections	  and	  
blood	  stream	  infections	  similar	  to	  S.	  epidermidis	  and	  lack	  the	  virulence	  genes	  that	  
are	   found	   in	   S.	   aureus	   (Becker	   et	   al.,	   2014).	   S.	   haemolyticus,	   S.	   hominis	   and	   S.	  
capitis	   impeded	   wound	   healing	   in	   the	   2D	   keratinocyte	   thermal	   injury	   model,	  
preventing	  wound	  closure	  to	  slightly	  different	  degrees.	  This	  suggests	  these	  CoNS	  
have	   the	   potential	   to	   impair	  wound	   healing	  more	   than	   S.	   epidermidis,	   but	   that	  
they	   are	   less	   aggressive	   than	   S.	   aureus.	   Little	   is	   known	   about	   their	   virulence	  
mechanisms	  such	  as	  attachment,	  impact	  on	  inflammation	  and	  AMPs	  of	  epithelia	  
cells,	  and	  production	  of	  proteases,	  whereas	  more	  is	  known	  about	  S.	  epidermidis	  
(Becker	   et	   al.,	   2014).	   Biofilm	   formation	   in	   these	   species	   has	   been	   studied,	  
although	  more	   research	   is	   needed	  on	   the	   exact	  mechanism	   for	   each	   individual	  
species.	   To	   identify	   the	   proteins	   secreted	   by	   biofilm	   grown	   or	   planktonically	  
grown	   bacteria,	   conditioned	   media	   (cell	   free	   and	   or	   digested)	   could	   be	  
sequenced	   for	   identification,	  similar	   to	   the	  method	  described	  by	  Marrano	  et	  al.	  
(2015).	   After	   identification,	   purified	   proteins	   could	   be	   added	   to	   the	   assay	  
medium	   of	   skin	   models	   to	   investigate	   gene	   changes	   and/or	   protein	   changes	  
expressed	  by	  epithelia	  cells	  in	  response	  to	  these	  bacterial	  proteins.	  
	  
4.2.3.	  Bacterial	  attachment	  to	  keratinocytes	  
Adherence	  molecules	  displayed	  on	   the	  surface	  of	  bacteria	  are	  critical	   in	   the	   first	  
steps	   of	   establishing	   colonisation,	   which	   subsequently	   could	   result	   in	   infection	  
(Becker	   et	   al.,	   2014).	   Staphylococcus	   spp	   are	   decorated	   in	   covalently	   anchored	  
surface	  proteins,	  which	   recognise	  host	   cells	  and	  matrix	  molecules	   (Becker	  et	  al.,	  




proteins,	  which	   are	   critical	   in	   its	   success	   as	   a	   commensal	   and	   as	   a	   pathogen.	   In	  
contrast,	  CoNS	  such	  as	  S.	  epidermidis	  and	  S.	  lugdunensis	  express	  a	  smaller	  number.	  
Eleven	  cell	  wall	  proteins	  have	  been	  identified	  by	  genome	  analysis	  that	  are	  thought	  
to	  play	  a	  role	  in	  colonisation,	  biofilm	  formation	  and	  infection.	  (Bowden	  et	  al.,	  2005;	  
Foster	   et	   al.,	   2014).	   In	   the	   present	   study	   it	   was	   evident	   from	   chamber	   slide	  
analysis	   that	   S.	   aureus	   may	   be	   more	   adherent	   than	   S.	   epidermidis,	   as	   S.	   aureus	  
attached	  more	  to	  the	  HaCaT	  cells	  than	  to	  the	  cell-­‐free	  surface	  of	  the	  chamber	  slide.	  	  
	  
S.	  epidermidis,	  S.	  haemolyticus,	  S.	  hominis	  and	  S.	  capitis	  showed	  similar	  attachment	  
patterns,	  where	  similar	  numbers	  of	  bacteria	  adhered	  to	  the	  keratinocytes	  and	  the	  
chamber	   slide	   surface.	   However,	   in	   contrast,	   S.	   lugdunensis	   adhered	   to	  
keratinocytes	  with	  attachment	  patterns	  similar	  to	  S.	  aureus,	  suggesting	  it	  may	  be	  
more	   cell-­‐adherent	   than	   the	   other	   CoNS.	   Foster	   et	   al.	   (2014)	   states	   that	   the	  
expression	   of	   cell	   wall	   adherence	   molecules	   can	   be	   altered	   by	   the	   growth	  
conditions	   and	   the	   phase	   of	   growth	   the	   bacteria	   are	   in	   (exponential	   growth	   or	  
stationary	   phase).	   Therefore,	   the	   growth	   conditions	   may	   favour	   S.	   lugdunensis	  
adherence	   to	   the	  HaCaT	   cells,	   in	   particular	  migrating	   keratinocytes.	   All	   bacteria	  
were	   in	   stationary	   phase	   before	   inoculation,	   similar	   the	  microbiota	   on	   the	   skin	  
under	   normal	   conditions	   (Bojar,	   2015;	   Grice	   et	   al.,	   2011;	   Holland	   et	   al.,	   2009).	  
Therefore	  wounding	  of	  keratinocytes	  may	  be	  favourable	  to	  S.	  lugdunensis	  and	  not	  
to	   the	   other	   CoNS.	   So	   it	   could	   be	   that	   both	  S.	  aureus	   and	  S.	   lugdunensis	   express	  
similar	  types	  of	  adherence	  molecules,	  as	  the	  type	  of	  cell	  wall	  proteins	  expressed	  by	  
the	   bacteria	   determine	   their	   potential	   to	   adhere	   (Becker	   et	   al.,	   2014;	   Bur	   et	   al.,	  
2013).	  S.	  lugdunensis	  is	  thought	  to	  be	  able	  to	  adhere	  to	  fibronectin	  and	  fibrinogen	  
in	  a	  similar	  manner	  to	  S.	  aureus	   (Heilbronner	  et	  al.,	  2011;	  Lourtet-­‐Hascoët	  et	  al.,	  
2016).	  Migrating	  keratinocytes	  in	  native	  wounds	  do	  produce	  fibronectin	  (Larjava	  
et	  al.,	  2013).	  	  
	  
In	  this	  study	  both	  S.	  aureus	  and	  S.	  lugdunensis	  heavily	  colonized	  the	  leading	  edge	  
of	   the	   HaCaT	   cells.	   S.	   lugdunensis	   also	   colonized	   in	   front	   of	   the	   leading	   edge,	  
where	   it	   may	   have	   physically	   impaired	   healing	   by	   preventing	   migration.	   The	  
toxic	  effects	  of	  S.	  aureus	  attached	  to	  the	  migrating	  cells	  were	  seen	  at	  day	  three.	  




the	  heavily	  colonised	  wound	  area	  that	  was	  absent	  of	  keratinocytes	  and	  bacteria.	  
With	   the	  amount	  of	  colonisation	  seen	  on	   the	  slide	   it’s	  most	   likely	   the	  cells	   that	  
were	  originally	   in	  this	  area	  had	  lost	  viability	  from	  toxins	  produced	  by	  S.	  aureus	  
and	   were	   washed	   away	   during	   the	   staining	   procedure.	   	   As	   the	   burn	   wound	  
surface	  (the	  clot)	  is	  a	  fibrin-­‐fibronectin	  rich	  surface	  (Babu	  et	  al.,	  2011;	  Church	  et	  
al.,	  2006;	  Larjava	  et	  al.,	  2013),	  the	  ability	  of	  S.	  aureus	  and	  S.	  lugdunensis	  to	  adhere	  
to	   fibrinogen	   and	   fibronectin	   may	   increase	   their	   chances	   of	   colonisation	   and	  
potentially	   lead	   to	   subsequent	   infection.	   To	   investigate	   bacterial	   attachment	  
further	   in	   these	   CoNS,	   suspected	   binding	   proteins	   of	   the	   bacteria	   could	   be	  
mutated	   and	   then	   tested	   for	   the	   amount	   of	   attachment	   to	   monolayers	   of	  
keratinocyte	  cells	  lines	  compared	  with	  wild	  type	  (Bur	  et	  al.,	  2013).	  This	  could	  be	  
done	   on	   intact	  monolayers	   and	  wounded	  monolayers	   to	   investigate	   if	   or	  what	  
bacterial	   proteins	   are	   involved	   in	   attachment	   when	   the	   cells	   are	   wounded.	  	  
Another	   approach	   could	   be	   using	   selected	   targets,	   such	   as	   fibronectin,	   to	   coat	  
wells	  then	  assess	  bacterial	  attachment	  by	  fluoresce	  or	  bacterial	  stains	  (e.g.	  gram	  
stain).	  	  
	  
4.2.4.	  Growth	  conditions	  affect	  bacterial	  growth	  	  
The	   growth	   of	   bacteria	   in	   the	   2D	   thermal	   injury	   model	   varied	   with	   the	  
concentration	  of	  FCS	  in	  the	  media.	  The	  pathogen	  S.	  aureus	  was	  able	  to	  grow	  well	  
in	  both	  conditions	  and	  when	  the	  FCS	  concentration	  increased	  so	  did	  the	  bacterial	  
growth.	   S.	   aureus	   therefore	   took	   advantage	   of	   the	   extra	   nutrients	   that	   were	  
available.	   This	   trend	  was	  not	   seen	   in	   the	   commensal	   bacteria	  S.	  epidermidis	   or	  
the	   remaining	   CoNS	   investigated.	   They	   grew	   at	   the	   same	   rate	   in	   both	   media	  
suggesting	  the	  increase	  in	  nutrients	  didn’t	  affect	  the	  growth	  rate.	  The	  increased	  
growth	   rate	   of	   S.	   aureus	   in	   a	   high	   nutrient	   environment	   would	   give	   it	   an	  
advantage	   over	   the	   other	   bacteria,	   as	   it	   would	   out	   compete	   them,	   reaching	  
critical	   colonization	  numbers	   and	   cause	   infection	  earlier	   than	   the	   commensals.	  
This	  fits	  with	  a	  clinical	  situation	  as	  wound	  surfaces	  after	  injury	  form	  a	  clot	  that	  is	  
high	  in	  nutrients	  (Church	  et	  al.,	  2006;	  Hanft	  et	  al.,	  2005;	  Valentin-­‐Weigand	  et	  al.,	  
1993).	  S.	  lugdunensis,	  S.	  haemolyticus,	  S.	  hominis	  and	  S.	  capitis	  grew	  equally	  well	  
in	   both	  media	   types	  with	   their	   bacterial	   numbers	   reaching	   values	   similar	   to	  S.	  




environments	  of	  skin	  wounds,	  such	  as	  burn	  wound,	  when	  they	  are	  in	  a	  state	  of	  
hypoxia	  and	  or	  in	  a	  dry	  environment	  (Sen,	  2009;	  Thomas,	  2011).	  Viable	  counts	  of	  
S.	  lugdunensis	  exceeded	  that	  of	  S.	  aureus	  at	  each	  time	  point	  in	  this	  study	  with	  the	  
same	  growth	  rate	  in	  both	  low	  and	  high	  nutrient	  environments.	  	  
	  
It	  is	  important	  to	  note	  that	  a	  limitation	  with	  this	  model	  is	  that	  it	  allows	  bacteria	  
to	   thrive	   in	   the	   culture	   conditions	   where	   cells	   are	   sensitive	   to	   increasing	  
numbers	   of	   bacteria,	   via	   loss	   of	   nutrients	   and	   the	   change	   in	   pH	   to	   an	   acidic	  
environment	  as	  a	  result	  of	  metabolic	  turn	  over	  in	  the	  bacteria.	  	  Previous	  reports	  
of	   the	   use	   of	   S.	   aureus	   in	   2D	   keratinocyte	   wound	  models	   (Kirker	   et	   al.,	   2009;	  
Tankersley	  et	  al.,	  2014)	  found	  loss	  of	  keratinocyte	  viability	  occurs	  with	  exposure	  
to	  bacterial	  conditioned	  media	  (109	  CFU/mL)	  for	  24	  hrs,	  and	  that	  planktonically	  
grown	   bacteria	   reduce	   the	   nutrient	   levels	   in	   the	  media.	   Depletion	   of	   nutrients	  
may	  be	  the	  cause	  of	  loss	  of	  cell	  viability	  and	  subsequent	  monolayer	  destruction	  
for	   the	   CoNS	   bacteria	   as	   bacterial	   numbers	   did	   exceed	   109	   CFU/mL	   before	  
monolayer	  destruction	  occurred	  at	  day	  four.	  This	  could	  also	  be	  a	  result	  of	  critical	  
colonisation	  as	  these	  CoNS	  bacteria	  could	  reach	  108	  CFU/mL	  within	  two	  to	  three	  
days.	   Critical	   colonisation	   is	   a	   stage	   where	   wound	   healing	   is	   delayed	   and	  
symptoms	  of	  infection	  start	  to	  occur	  (Cutting.,	  2006;	  Staphanie,	  2010).	  With	  the	  
CoNS	  lacking	  the	  virulence	  factors	  that	  S.	  aureus	  produce,	  critical	  colonization	  by	  
the	  CoNS	  was	   observed	   in	   this	   2D	  model	   before	   loss	   of	   cell	   viability.	   Although	  
this	  concept	  of	  critical	  colonization	  is	  debatable	  in	  the	  literature	  (Cutting.,	  2006),	  
the	   number	   of	   colony	   forming	   units	   that	   these	   bacteria	   reach	   in	   48	   hrs	   is	  
important,	  as	  burn	  wound	  surfaces	  are	  heavily	  colonised	  by	  Staphylococcal	  spp	  
in	  this	  time	  (Church	  et	  al.,	  2006).	  When	  taking	  this	   in	  to	  consideration,	  there	  is	  
still	   evidence	   that	   these	   bacteria	   are	   in	   fact	   impeding	   wound	   healing	   at	   the	  
earlier	  time	  point	  after	  thermal	  injury.	  	  
	  
Overall	  CoNS	  with	  a	  low	  infection	  dose,	  excluding	  S.	  epidermidis,	  caused	  impaired	  
wound	   healing,	   and	   this	   was	   more	   evident	   when	   grown	   in	   low	   nutrient	  
environment.	   In	   high	   nutrient	   environments	   the	   cells	   had	   more	   chance	   to	  
migrate	  and	  complete	  wound	  closure	  before	  CoNS	  numbers	  could	  reach	  critical	  




applied	   to	   the	   media	   and	   cell	   culture,	   a	   method	   that	   removes	   the	   bacterial	  
organism	   might	   improve	   this	   model.	   For	   example	   using	   bacterial	   conditioned	  
media	   with	   planktonically	   grown	   bacteria,	   with	   varying	   concentrations	   of	  
bacteria	  over	  time,	  and	  biofilm	  grown	  bacteria.	  This	  allows	  for	  investigation	  into	  
the	  effects	  of	  excreted	  products	  of	  the	  bacteria	  on	  wound	  healing,	  and	  has	  been	  
used	   in	  multiple	  studies	  (Cutting.,	  2006;	   Jeffery	  et	  al.,	  2015;	  Kirker	  et	  al.,	  2012;	  
Kirker	  et	  al.,	  2009;	  Secor	  et	  al.,	  2011;	  Son	  et	  al.,	  2014;	  Tankersley	  et	  al.,	  2014).	  
	  
4.2.5.	  Biofilm	  capacity	  and	  potential	  of	  CoNS	  	  
Chronic	   wounds	   and	   burn	   wound	   infections	   are	   often	   populated	   with	   biofilm	  
forming	  bacteria,	  a	  well-­‐known	  trait	  of	  CoNS	  (Church	  et	  al.,	  2006;	  Percival	  et	  al.,	  
2012;	  Staphanie,	  2010).	  Biofilm	  formation	  starts	  when	  bacteria	  adhere	  to	  abiotic	  
surfaces	  (e.g.	  medical	  devises),	  biotic	  surfaces	  (e.g.	  host	  tissues),	  or	  to	  each	  other	  
and	  characterised	  by	  the	  production	  extracellular	  proteins	  (Becker	  et	  al.,	  2014;	  
Percival	   et	   al.,	   2012).	   S.	   epidermidis	   has	   several	   surface	   proteins	   (e.g.	   serine-­‐
aspartate-­‐repeat	   (Sdr)	   proteins,	   accumulation-­‐associated	   proteins	   (Aap),	  
autolysin	  (Atl),	  and	  polysaccharide	   intercellular	  adhesion	  (PIA/PNAG))	   that	  aid	  
in	  bacterial	  attachment	  to	  medical	  devices	  promoting	  biofilm	  formation	  (Becker	  
et	   al.,	   2014;	   Otto,	   2008).	   It	   is	   proposed	   that	   other	   CoNS	   have	   similar	   proteins	  
involved	  biofilm	  formation	  although	  more	  investigation	  is	  needed	  (Becker	  et	  al.,	  
2014).	   In	   this	   study	   bacteria	   were	   grown	   planktonically	   within	   the	   2D	  
Keratinocyte	   model	   media.	   However	   there	   was	   some	   evidence	   and	  
characteristics	   of	   biofilm	   formation	   in	   the	   SH	   wounds	   with	   low	   nutrients.	   S.	  
lugdunensis,	   S.	   haemolyticus	   and	   S.	   hominis	   made	   the	   media	   thick	   and	   slimly	  
(Nickel	   et	   al.,	   1992)	   suggesting	   they	   may	   have	   been	   producing	   extracellular	  
polysaccharides,	   an	   important	   component	   in	   biofilm	   formation	   (Becker	   et	   al.,	  
2014;	  Church	  et	  al.,	  2006;	  Kostakioti	  et	  al.,	  2013;	  Percival	  et	  al.,	  2012).	  This	  was	  
not	  seen	  in	  the	  wells	  infected	  with	  the	  other	  bacteria.	  S.	  epidermidis	  and	  S.	  capitis	  
in	   contrast	   formed	   micro-­‐colonies	   in	   the	   media	   where	   bacteria	   accumulated	  
together.	   Microcolony	   formation	   is	   the	   basic	   structural	   unit	   of	   a	   biofilm	  
(Costerton,	  1999).	  Wounds	  with	  S.	  capitis	  formed	  large	  mucus	  like	  clumps	  in	  the	  
media.	  It	  was	  also	  evident	  that	  S.	  capitis	  adhered	  to	  one	  another	  more	  than	  it	  did	  




seen	  outside	   the	   large	  biofilm-­‐like	  clumps	  (Costerton,	  1999).	  Biofilm	   formation	  
of	  bacteria	  is	  clinically	  important	  in	  infections	  when	  adhered	  to	  abiotic	  or	  biotic	  
surfaces	  (Becker	  et	  al.,	  2014;	  Percival	  et	  al.,	  2012),	  and	  therefore	  there	  potential	  
to	   form	  biofilms	  with	  adherence	   to	   itself	   in	   low	  nutrient	  environments	  has	  not	  
been	   studied.	   Low	   nutrients	   may	   cause	   change	   in	   production	   of	   PIA/PNAG	  
(responsible	   for	   slimly	   characteristic)	   leading	   to	   aggregation	   of	   bacteria	   (Otto,	  
2008)	  with	  out	   the	  need	   to	  adhere	   to	  a	   surface.	   In	   this	   study,	  S.	   lugdunensis,	  S.	  
haemolyticus,	   S.	   hominis	   and	   S.	   capitis	   behaved	   differently	   from	   S.	   epidermidis	  
indicating	   they	   may	   have	   more	   potential	   to	   form	   biofilms	   under	   the	   same	  
conditions.	  Low	  nutrients	  were	  a	  trigger	  for	  these	  bacteria	  to	  display	  biofilm	  like	  
features,	  as	  the	  same	  was	  not	  seen	  in	  wounds	  containing	  higher	  concentrations	  
of	   FCS.	   To	   further	   investigate	   the	   biofilm	   capabilities	   of	   each	   of	   these	   CoNS,	   a	  
crystal	   violet	   biofilm	   assay	   can	   be	   used	   to	   quantify	   biofilm	   potential	   (O'Toole,	  
2011).	  Changing	  the	  culture	  media	  of	  the	  assay	  could	  also	  be	  useful	  to	  see	  how	  
nutrients	  effects	  biofilm	  formation.	  	  
	  
4.3.	  Transwell	  inserts	  	  
	  
4.3.1	  Transwell	  inserts	  used	  to	  create	  3D	  skin	  raft	  cultures	  
My	  objective	  was	  to	  establish	  a	  2D	  and	  3D	  model	  suitable	  for	  thermal	  injury.	  As	  I	  
previously	   discussed	   above	   skin	   rafts	   grown	   in	   Alvetex	   scaffolds	   proved	   too	  
difficult	   to	  optimise	   in	   the	   time	  constraints	  of	  a	  masters,	   and	  showed	  evidence	  
that	  it	  would	  not	  be	  suitable	  as	  a	  wound	  model.	  The	  2D	  model	  was	  suitable	  for	  
thermal	  injury	  and	  identified	  these	  CoNS	  impeded	  wound	  healing	  in	  response	  to	  
low	   numbers	   of	   bacteria.	   However	   the	   2D	   model	   lacks	   the	   complexity	   and	  
structure	   of	   native	   skin	   (Carlson	   et	   al.,	   2008;	   Safferling	   et	   al.,	   2013;	   Xu	   et	   al.,	  
2012).	   Thus,	   the	   use	   of	   3D	   models	   would	   better	   mimic	   the	   architecture	   and	  
responses	   of	   skin	   to	   thermal	   injury	   and	   then	   infection	   (Carlson	   et	   al.,	   2008;	  
Safferling	   et	   al.,	   2013;	   Xu	   et	   al.,	   2012).	   3D	   models	   that	   have	   been	   used	   for	  
wounding	  studies	  are	  HSEs	  and	  ORCs	  (Carlson	  et	  al.,	  2008;	  Safferling	  et	  al.,	  2013;	  
Topping	  et	  al.,	  2006;	  Xu	  et	  al.,	  2012).	  HSE	  models	  create	  a	  skin	  equivalents	  from	  
cells	   obtained	   from	   excised	   skin,	   making	   the	   model	   a	   close	   representative	   of	  




Brohem	  et	   al.,	   2011;	  Naves	  et	   al.,	   2016;	   Safferling	  et	   al.,	   2013;	  Xu	  et	   al.,	   2012).	  
Although	  there	  are	  advantages	  of	  using	  this	  model	   the	  availability	  of	   fresh	  skin	  
samples	  is	  limited.	  Therefore	  we	  opted	  to	  create	  an	  ORC	  using	  human	  cell	   lines	  
as	  a	  3D	  model	  for	  skin	  in	  this	  study.	  	  
	  
The	  method	  to	  develop	  a	  3D	  raft	  culture	  using	  Transwell	  inserts	  had	  been	  used	  
previously	  in	  the	  laboratory	  as	  a	  skin	  model	  to	  assess	  Human	  papillomavirus	  and	  
Herpes	  Simplex	  virus	  infection.	  Raft	  culture	  morphology	  resembled	  the	  epidermis	  
of	   native	   skin,	   but	   lacked	   the	   keratinised	   corneal	   layer,	   which	   is	   important	   in	  
barrier	   function	   (Duckney	   et	   al.,	   2013).	   Therefore	   Transwell	   rafts	   could	   be	  
considered	  an	  epidermal	  skin	  model	  rather	  than	  a	  full	  thickness	  skin	  model.	  The	  
impact	   of	   fibroblasts	   on	   skin	   raft	   maturation	   was	   evaluated.	   The	   absence	   of	  
fibroblasts	  didn’t	  have	  an	  effect	  on	  epidermal	  morphology	  but	  the	  raft	  was	  more	  
fragile.	   This	   would	   indicate	   that	   presence	   of	   fibroblasts	   increased	   cell-­‐cell	  
connections	  and	  better	  supported	  raft	  structure.	  This	  is	  consistent	  with	  reports	  
in	   the	   literature,	  which	  have	   shown	  dermal	   fibroblasts	  produce	   soluble	   factors	  
that	  influence	  the	  development	  of	  the	  epidermis	  (Arnette	  et	  al.,	  2016;	  Brohem	  et	  
al.,	   2011).	   Although	   the	   fibroblasts	   positively	   influenced	   the	   raft	   culture,	   these	  
models	   lacked	  a	  distinct	  separation	  of	  a	  dermal	  equivalent	  and	  epidermal	   layer	  
thus	   failing	   to	   resemble	   native	   skin.	  With	   time	   restraints	   no	   optimisation	   and	  
investigation	   into	   the	   distribution	   of	   fibroblasts	   and	   keratinocytes	   in	   the	   rafts	  
was	   undertaken.	   To	   correctly	   identify	   the	   cell	   types/distribution	   in	   these	   skin	  
rafts	   an	   immunohistochemistry	   approach	   using	   antibodies	   such	   as	   vimentin	  
to	   identify	   fibroblasts	   could	   have	   been	   done	   on	   paraffin	   embedded	   sections	  
(Goodpaster	  et	  al.,	  2008).	  Immunohistochemistry	  can	  also	  be	  used	  to	  identify	  
which	   cells	   are	   producing	   basement	   membrane	   proteins	   like	   laminin	   and	  
collagen	   type	   IV,	   and	   if	   this	   changes	   with	   fibroblast	   in	   the	   raft	   culture	  
(Reijnders	  et	  al.,	  2015).	  Future	  improvements	  to	  the	  raft	  itself	  would	  be	  to	  use	  
a	  collagen	  or	  fibrin	  gel	  containing	  fibroblasts	  where	  they	  successfully	  produce	  
rafts	  with	  dermal	   and	  epidermal	   separation	   (Carlson	  et	   al.,	   2008;	  Carlson	  et	  
al.,	  2009a).	  Another	  strategy	  could	  be	  to	  incorporate	  ascorbic	  acid	  or	  calcium	  
chloride	   to	   the	   media	   to	   promote	   ECM	   production	   and	   differentiation	  




2008;	  Hill	  et	  al.,	  2015).	  Although	  optimisation	  on	  this	  model	  is	  needed	  it	  still	  
showed	  a	  3D	  epidermal	   like	   structure	   and	  provided	  a	  dry	   surface,	   therefore	  
this	   skin	  model	   is	   definitely	   closer	   to	   human	   skin	   than	   the	   2D	   keratinocyte	  
model.	  	  	  
	  
4.3.2.	  Raft	  culture	  in	  Transwell	  suitable	  for	  thermal	  injury	  
The	  next	  objective	  was	  to	  assess	  if	  this	  model	  was	  suitable	  for	  thermal	  injury.	  
HSE	  models	   grown	  on	  Transwell	   inserts	   have	   shown	  healing	  with	   incisional	  
or	   excisional	  wounds	   (Carlson	   et	   al.,	   2008;	   Safferling	   et	   al.,	   2013;	   Xie	   et	   al.,	  
2010)	   and	   thermal	   injury	   (Haisma	   et	   al.,	   2013;	   Topping	   et	   al.,	   2006).	   The	  
thermal	   injury	   technique	   from	   the	   2D	   keratinocyte	   models	   was	   easily	  
transferred	  to	   the	  Transwell	  raft	  cultures,	  but	  careful	  handling	  was	  required	  
to	   prevent	   damage	   to	   the	   membrane	   of	   the	   insert.	   Wounds	   were	   easy	   to	  
identify	   using	   bright	   field	   photography	   without	   the	   need	   of	   a	   stain.	  
Immediately	   after	   wounding	   the	   majority	   of	   burns	   had	   a	   thickened,	   folded	  
area	  around	  the	  edge.	  The	  cells	  may	  not	  have	  been	  completely	  destroyed	  and	  
may	   have	   bunched	   up	   around	   the	  wound	   edge	   preventing	   them	   from	   being	  
washed	   away.	   Initial	   analysis	   of	  wound	   closure,	   in	   high	   nutrient	   conditions,	  
found	   cells	  were	  proliferating	   at	   the	  wound’s	   edge.	  However,	  migration	  was	  
not	   seen	   across	   the	   burn	   area	   so	   the	   wounds	   failed	   to	   close.	   ORC	   are	  
considered	  highly	  active	  and	  proliferative,	  therefore	  the	  impact	  of	  a	  change	  in	  
soluble	   factors	   on	   cell	   migration	   was	   evaluated.	   A	   decrease	   in	   FCS	  
concentration	   altered	   the	   balance	   of	   proliferation	   and	   migration,	   allowing	  
wound	  closure	  to	  occur	  and	  therefore	  making	  this	  skin	  raft	  model	  suitable	  for	  
thermal	   injury.	   Further	  more,	   a	   larger	   decrease	   to	  minimal	   serum	   conditions	  
reduced	   the	   amount	   of	   proliferation	   and	   migration,	   slowing	   migration	   and	  
preventing	  wound	  closure	  in	  the	  time	  frame	  allocated.	  
	  
4.3.3.	  Transwell	  raft	  culture	  can	  support	  bacterial	  growth	  
As	  the	  next	  objective	  was	  to	  investigate	  the	  impact	  of	  commensal	  CoNS	  and	  the	  
pathogen	  S.	  aureus	  on	  the	  skin	  model,	   it	  was	  important	  to	  determine	  if	  this	  raft	  
model	   could	   sustain	   the	   growth	   of	   bacteria	   on	   its	   dry	   surface,	   while	   also	  




growth	  of	  S.	  aureus	  and	  S.	  epidermidis	  can	  be	  supported	  on	  HSE	  models	  (Holland	  
et	   al.,	   2009;	   Holland	   et	   al.,	   2008;	   Popov	   et	   al.,	   2014),	   whereas	   only	   one	   study	  
investigating	  S.	  aureus	  and	  thermal	  wound	  healing	  has	  been	  conducted	  (Haisma	  
et	  al.,	  2013).	  	  With	  limited	  time,	  a	  trial	  was	  conducted	  with	  S.	  epidermidis	  and	  S.	  
aureus,	  as	  examples	  of	  commensal	  and	  pathogenic	  bacteria	  using	  inocula	  of	  40-­‐
50	   organisms	  per	   raft.	   	   Both	   bacteria	   survived	   and	  proliferated	   on	   the	   3D	   raft	  
culture,	  which	   is	   consistent	  with	   reports	   in	   the	   literature	   (Haisma	  et	   al.,	   2013;	  
Holland	  et	  al.,	  2008;	  Popov	  et	  al.,	  2014).	  	  
	  
Popov	   et	   al.	   (2014)	   found	   that	   bacterial	   growth	   depends	   on	   the	   direct	   contact	  
and	   interaction	  with	   the	   keratinocytes,	   not	  with	   the	   cell	   culture	  media.	   Viable	  
counts	   of	   bacteria	   attached	   to	   the	   raft	   surface	   suggest	   that	   these	   conditions	  
favoured	  the	  growth	  of	  S.	  epidermidis	  compared	  to	  S.	  aureus.	  This	  was	  expected,	  
as	  S.	  epidermidis	   is	   a	   common	  commensal	  of	   the	   skin	  and	   therefore	  adapted	   to	  
grow	   in	   this	   dry,	   low	   nutrient	   environment	   (Bojar	   et	   al.,	   2002;	   Holland	   et	   al.,	  
2008).	   More	   S	   epidermidis	   cells	   were	   attached	   to	   the	   raft	   surface	   than	   were	  
unattached,	  which	  helps	  reinforce	   the	  concept	   that	  direct	  contact	   is	  needed	   for	  
bacterial	   growth.	   In	   contrast	   S.	   aureus	   had	   more	   bacteria	   sitting	   on	   but	   not	  
attached	  to	  the	  surface	  of	  the	  raft	  culture.	  S.	  aureus	  is	  a	  transient	  coloniser	  of	  the	  
skin,	  where	   it	   fails	   to	  maintain	   a	   growing	   population	   (Krishna	   et	   al.,	   2012a,	   b;	  
Wanke	   et	   al.,	   2011).	   Given	   the	   variability	   in	   bacterial	   attachment	   (between	  
technical	   replicates)	   and	   proliferation	   observed,	   further	   experiments	   are	  
required	   to	   optimise	   procedures	   and	   validate	   the	   observations.	   Holland	   et	   al.	  
(2008)	   showed	   a	   steady	   increase	   in	   S.	  aureus	   grown	   on	   the	   surface	   of	   an	  HSE	  
skin	  model,	  where	  counts	  were	  conducted	  by	  swabbing	  the	  raft	  surface.	  Holland	  
et	   al.	   (2008)	  also	   inoculated	   the	   raft	   cultures	  with	  104	  CFU/mL,	  which	   is	  1000	  
times	  greater	  than	  the	  amount	  used	   in	  this	  study.	   	  Larger	  numbers	  of	  S.	  aureus	  
may	  be	  needed	  to	  promote	  bacterial	  attachment.	  	  
	  
In	  the	  present	  study	  a	  very	  low	  inoculum	  of	  bacteria	  was	  used	  to	  represent	  the	  
likely	   situation	   after	   thermal	   injury	   to	   native	   skin	   (Church	   et	   al.,	   2006).	   Only	  
those	  bacteria	  that	  survive	  thermal	  insult,	  such	  as	  those	  within	  the	  hair	  follicle	  




The	   low	   inoculum	  and	   the	  conditions	  of	   the	   raft	  at	  air-­‐liquid	   interface	   reduce	  
the	   chance	   for	   the	   bacteria	   to	   thrive	   and	   overgrow	   on	   the	   raft	   cultures	  
therefore	   allowing	   assessment	   of	   the	   impact	   of	   bacteria	   at	   low	   numbers.	  
Bacterial	  attachment	  numbers	   in	   the	  present	  study	  reached	  103	  -­‐104	  CFU/mL,	  
but	  this	  number	  of	  S.	  epidermidis	  did	  not	  prevent	  keratinocyte	  migration	  as	  the	  
wounds	   were	   still	   able	   to	   close.	   The	   presence	   of	   S.	   aureus	   did	   impede	   cell	  
migration,	  with	   the	  majority	  of	  wounds	   failing	   to	  close.	  Previous	  studies	  have	  
found	   S.	   aureus	   can	   cause	   cellular	   damage	   to	   skin	   rafts	   up	   to	   72	   hrs	   after	  
inoculation	  (Holland	  et	  al.,	  2008;	  Haisma	  et	  al.,	  2013),	  but	  this	  was	  not	  seen	  in	  
the	  present	   study.	  Bacterial	   numbers	   only	   reached	  maximum	  values	   of	   4x104	  
for	  attached	  bacteria	  and	  106	  for	  unattached	  bacteria.	  This	  is	  in	  comparison	  to	  
Holland	  et	  al.	  (2008)	  and	  Haisma	  et	  al.	  (2013)	  who	  started	  with	  inocula	  of	  104	  
and	   106	   respectively,	   and	   cell	   damage	   was	   seen	   when	   bacterial	   CFU/ml	  
exceeded	   108.	   The	   lower	   numbers	   observed	   in	   the	   study	   reported	   here	   may	  
reflect	   the	   lack	  of	   cellular	  damage.	   In	  a	   clinical	   setting	  bacterial	   infection	  of	   a	  
burn	  wound	   is	   confirmed	   if	   skin	   biopsy	   and	   swab	   cultures	   have	   greater	   then	  
105	  CFU/g	  of	  pathogenic	  bacteria	   (Church	  et	  al.,	  2006).	  The	  exact	  numbers	  of	  
staphylococcal	  spp.	  (or	  another	  colonising/infecting	  bacteria)	  in	  a	  burn	  wound	  
after	  wounding	  is	  not	  known	  as	  clinical	  samples	  are	  only	  taken	  when	  there	  are	  
evident	   signs	   of	   infection,	   as	   the	   procedure	   to	   collect	   these	   samples	   can	   be	  
invasive	  and	  cause	  a	  patient	  unnecessary	  discomfort	  (Church	  et	  al.,	  2009).	  
	  
The	  pathogenic	  capabilities	  of	  S.	  aureus	  such	  as	  pore	  forming	  toxins	  membrane	  
bound	   adherence	   molecules	   allow	   it	   to	   breach	   the	   barrier	   function	   of	   the	  
epidermal	   layer	   of	   HSE	   models,	   allowing	   S.	   aureus	   to	   move	   within	   the	   raft	  
culture	   and	   proliferate	   in	   the	   epidermal	   layer	   (Popov	   et	   al.,	   2014).	  With	   this	  
knowledge	   it	  would	   be	   interesting	   to	   examine	  where	   S.	   epidermidis	   colonises	  
the	  skin	  rafts	  in	  this	  model.	  S.	  epidermidis	  does	  not	  penetrate	  the	  barrier	  of	  the	  
corneal	   layer	   in	  natural	   skin	   (Holland	  et	   al.,	   2008;	  Duckney	   et	   al.,	   2013).	   The	  
raft	   culture	   produced	   in	   this	   study	   lacked	   the	   keratinised	   layer,	   thus	   lacking	  
this	  crucial	  barrier.	  Visualising	  where	  the	  bacteria	  are	  colonising	  the	  rafts	  (e.g.	  
using	   fluorescent	   labelling	   and	   confocal	   microscopy	   techniques)	   may	   give	  




This	   could	   be	   related	   to	   skin	   disorders	   such	   as	   impetigo,	   cellulitis,	   atopic	  
dermatitis,	   and	   psoriasis	   (Duckney	   et	   al.,	   2013;	   Zeeuwen	   et	   al.,	   2012).	   S.	  
epidermidis	  and	  other	  CoNS	  are	  thought	  to	  possess	  adherence	  factors	  that	  then	  
allow	   internalisation	   into	   host	   cells	   (Becker	   et	   al.,	   2014).	   This	   is	   achieved	   by	  
adhering	   to	  host	  cells	  via	  adhesins	  such	  as	  Atl	  where	   the	  host	  cell	  engulfs	   the	  
bacteria	   via	   phagocytosis	   (Hirschhausen	   et	   al.,	   2010).	   To	   visualise	   bacteria	  
within	   the	   raft	   fluorescently	   labelled	   bacteria	   and	   scanning	   laser	   confocal	  
microscopy	  could	  be	  used	   (Popov	  et	  al.,	  2014).	   	  This	  would	  also	  be	  beneficial	  
for	   investigating	   if	  S.	  aureus	   and	  S.	   lugdunensis	   heavily	   colonize	   the	  migrating	  
keratinocytes	  during	  wound	  healing	  similar	  to	  that	  seen	  in	  the	  2D	  keratinocyte	  
model,	   and	   if	   the	   other	   CoNS	   form	   biofilms	   in	   a	   dry	   culture	   environment.	  
Overall,	  following	  more	  optimisation	  the	  3D	  model	  has	  the	  potential	  for	  further	  
investigating	  colonisation	  and	  infection	  of	  CoNS	  in	  the	  healing	  of	  burn	  wounds.	  	  	  
	  
4.4.	  Secreted	  enzymes	  and	  peptides	  produced	  in	  response	  to	  thermal	  injury	  
in	  the	  2D	  and	  3D	  models.	  
To	  evaluate	  the	  effects	  of	  thermal	  injury	  and/or	  bacterial	  colonisation	  in	  the	  2D	  
keratinocyte	  and	  3D	  skin	  raft	  cultures,	  pro-­‐inflammatory	  cytokines	   (IL-­‐1β,	   IL-­‐6	  
and	   IL-­‐8),	   AMPs	   (HBD-­‐2	   and	   HBD-­‐3)	   and	   degradative	   enzymes	   (MMP-­‐2	   and	  
MMP-­‐9)	  were	  measured	  in	  collected	  supernatants.	  	  
	  
Pro-­‐inflammatory	  cytokines	  
IL-­‐1β	   is	   released	   from	   the	   cell	   cytoplasm	   of	   keratinocytes	   and	   other	   immune	  
cells	   in	   response	   to	   injury	   (Bourke	   et	   al.,	   2015;	   Weber	   et	   al.,	   2010).	   IL-­‐1β	  
expression	   can	   be	   activated	   through	   pathogen-­‐associated	   molecular	   patterns	  
(PAMPs),	  such	  as	  bacterial	  peptidoglycans,	  and	  danger	  signals	  (DAMPs),	  such	  as	  
skin	  irritants	  (Eisenbarth	  et	  al.,	  2009;	  Weber	  et	  al.,	  2010).	  IL-­‐1β	  is	  produced	  in	  a	  
pro	   form	   that	   requires	   the	   protease	   activity	   of	   caspase-­‐1	   for	   maturation	   and	  
extracellular	   release	   (Eisenbarth	   et	   al.,	   2009;	   Jensen,	   2010;	   Ren	   et	   al.,	   2009;	  
Weber	   et	   al.,	   2010;	   Zepter	   et	   al.,	   1997).	   Studies	   in	   keratinocyte	   monolayers	  
(Olaru	   et	   al.,	   2010a)	   and	   3D	   models	   (Holland	   et	   al.,	   2009)	   have	   shown	   IL-­‐1β	  
levels	  to	  increase	  in	  response	  to	  S.	  aureus,	  but	  not	  S.	  epidermidis	  (Holland	  et	  al.,	  




supernatants	   from	   the	   2D	   keratinocyte	   model	   regardless	   of	   thermal	   injury	  
and/or	  bacteria	   colonisation.	  This	   suggests	   the	   stimuli	   of	  wounding	  and	  bacterial	  
colonisation	  was	  not	  sufficient	  to	  activate	  expression,	  maturation	  or	  excretion	  of	  IL-­‐
1β	  in	  this	  model.	  IL-­‐1β	  was	  detected	  in	  the	  3D	  model,	  even	  though	  it	  was	  in	  very	  low	  
amounts,	   with	   wounding	   and	   bacterial	   colonisation	   having	   no	   effect,	   which	   is	   in	  
contrast	  to	  literature.	  
	  
IL-­‐6	  from	  damaged	  epithelial	  and	  immune	  cells	  within	  the	  wound	  site	  can	  stimulate	  
keratinocyte	  proliferation,	  which	  is	  essential	  for	  the	  proliferative	  stage	  of	  the	  wound	  
healing	   process	   (Gröne,	   2002;	  MacLeod	   et	   al.,	   2016).	   Studies	   have	   shown	   that	   S.	  
aureus	  increases	  expression	  of	  IL-­‐6	  in	  2D	  differentiated	  keratinocyte	  models	  (Kirker	  
et	   al.,	   2009;	   Krishna	   et	   al.,	   2012b;	   Secor	   et	   al.,	   2011;	   Son	   et	   al.,	   2014),	  while	   the	  
effects	   of	   S.	   epidermidis	   in	   this	   model	   have	   not	   been	   investigated.	   Haisma	   et	   al	  
(2013)	  also	  found	  an	  increase	  in	  IL-­‐6	  in	  response	  to	  S.	  aureus	   in	  a	  HSE	  model	  but	  
failed	  to	  detect	  any	  in	  response	  to	  wounding.	  IL-­‐6	  was	  detected	  in	  both	  models	  in	  
this	  study	  but	  the	  3D	  skin	  raft	  produced	  larger	  amounts.	  No	  further	  change	  in	  IL-­‐6	  
levels	  in	  response	  to	  thermal	  injury	  or	  colonisation	  by	  bacteria	  were	  detected.	  
	  
IL-­‐8	  is	  a	  neutrophil	  attractant	  produced	  by	  skin	  cells	  and	  infiltrating	  leukocytes	  and	  
has	   an	   important	   role	   in	   neutrophil	   infiltration	   at	   the	   wound	   site	   during	   the	  
inflammatory	  phase	  of	  wound	  healing	  (Jiang	  et	  al.,	  2012;	  Rennekampff	  et	  al.,	  2000).	  
It	   can	  also	  exert	  proliferative	  and	  migratory	  effects	  on	  keratinocytes	   and	   reduces	  
fibroblast-­‐associated	  contraction	  in	  the	  wound	  (Rennekampff	  et	  al.,	  2000).	  Studies	  
have	   shown	   that	   IL-­‐8	   is	   up	   regulated	   and	   prolonged	   in	   chronic	   wounds	  
(Rennekampff	  et	  al.,	  2000).	  Studies	  in	  keratinocytes	  (Olaru	  et	  al.,	  2010a;	  Tankersley	  
et	  al.,	  2014),	  fibroblasts	  (Kirker	  et	  al.,	  2009)	  and	  in	  3D	  models	  (Haisma	  et	  al.,	  2013;	  
Holland	  et	  al.,	  2009)	  have	  shown	  increased	  mRNA	  and	  protein	  levels	  of	  IL-­‐8	  in	  the	  
presence	  of	  S.	  aureus	  or	  its	  secreted	  products	  with	  and	  without	  injury.	  In	  contrast,	  S.	  
epidermidis	   does	   not	   change	   IL-­‐8	   expression	   in	   studies	   using	   3D	   skin	   models	  
(Holland	   et	   al.,	   2009;	   Duckney	   et	   al.,	   2013),	   and	   decreased	   expression	   in	   2D	  
keratinocyte	  monolayers	  (Lai	  et	  al.,	  2009).	  In	  this	  study	  both	  models	  produced	  IL-­‐8,	  
and	  the	  3D	  skin	  raft	  models	  produced	  more.	  However,	  there	  was	  no	  change	  in	  IL-­‐8	  




The	   secreted	   cytokine	   levels	   in	   this	   study	   were	   different	   to	   those	   previously	  
reported	   in	   the	   literature.	   This	   may	   have	   been	   due	   to	   the	   immortalised	   and	  
undifferentiated	   cells	   used	   in	   the	  models	   in	   this	   study	   compared	   to	   the	   other	  
studies.	  All	  the	  models	  in	  the	  literature	  showing	  cytokine	  changes	  in	  response	  to	  
wounding	  and	  bacterial	  colonisation	  used	  keratinocyte	  monolayers	  stimulated	  to	  
differentiate,	   or	   achieved	   proper	   stratification	   of	   the	   epidermis	   (Jiang	   et	   al.,	  
2012;	  Liu	  et	  al.,	  2002;	  Menzies	  et	  al.,	  2005;	  Sasaki	  et	  al.,	  2003;	  Sayedyahossein	  et	  
al.,	  2015;	  Secor	  et	  al.,	  2011;	  Son	  et	  al.,	  2014;	  Tankersley	  et	  al.,	  2014;	  Tohyama	  et	  
al.,	  2001;	  Yoshizaki	  et	  al.,	  1990).	  Proliferating	  keratinocytes	   in	  the	  models	  used	  
here,	   may	   be	   expressing	   high	   amounts	   of	   IL-­‐6	   and	   IL-­‐8	   all	   the	   time,	   and	   be	  
unresponsive	  to	  stimuli,	  as	   intact	  monolayers	  and	  wounded	  monolayers	  has	  no	  
clear	  difference.	  The	  storage	  method	  for	  samples	  may	  have	  affected	  the	  protein	  
levels,	   however	   large	   protein	   degradation	   of	   samples	   frozen	   long	   term	   is	  
normally	  caused	  by	  repeat	  freeze	  thaw	  cycles	  (Mitchell	  et	  al.,	  2005).	  
	  
The	  results	  reported	  in	  this	  thesis	  demonstrated	  no	  obvious	  changes	  in	  cytokine	  
levels	  when	  rafts	  were	  inoculated	  with	  bacteria.	  This	  is	  similar	  to	  the	  findings	  of	  
Tankersly	   et	   al.	   (2014),	   who	   found	   no	   increase	   in	   cytokine	   production	   in	  
response	  to	  planktonically	  grown	  S.	  aureus,	  using	  undifferentiated	  keratinocytes.	  
The	  higher	  cytokine	  levels	  seen	  in	  the	  3D	  skin	  raft	  model	  may	  be	  reflective	  of	  the	  
number	   of	   cells	   in	   the	   raft	   culture	   compared	   to	   that	   of	   the	   2D	   keratinocyte	  
monolayer.	  In	  future	  studies	  stimulating	  keratinocytes	  to	  differentiate	  (e.g.	  using	  
calcium	   chloride	   (Carlson	   et	   al.,	   2008)	   may	   reduce	   the	   activity	   of	   the	   cells	  
allowing	   for	   a	   reaction	   when	   it	   is	   stimulated	   by	   thermal	   injury	   and	   infection.	  
ELISA	   assays	   are	   commonly	   used	   to	   successfully	   analyse	   cytokine	   levels	   in	  
supernatant	   (Kirker	   et	   al.,	   2012;	   Olaru	   et	   al.,	   2010a;	   Secor	   et	   al.,	   2011;	  
Tankersley	  et	  al.,	  2014).	  However,	  other	  methods	  that	  can	  be	  used	  are	  Flourokin	  
MAP	   human	   base	   kits	   (Duckney	   et	   al.,	   2013),	   microarray	   in	   conjunction	   with	  
ELISA	   kit	   (Secor	   et	   al.,	   2011;	   Tankersley	   et	   al.,	   2014),	   and	   antibody	   array	   kits	  
(Son	   et	   al.,	   2014)	   allowing	   the	   detection	   of	   changes	   at	   the	   mRNA	   level	   and	  






Anti-­‐microbial	  peptides	  (AMPs)	  
Keratinocytes	  can	  produce	  anti-­‐microbial	  peptides	  (AMPs)	  in	  response	  to	  stimuli,	  and	  
play	  a	  major	  role	  in	  anti-­‐microbial	  defence	  during	  wound	  healing	  (Sørensen,	  2016).	  
Increased	  expression	  of	  HBD-­‐2	  and	  HBD-­‐3	  in	  keratinocytes	  has	  been	  reported	  during	  
the	   proliferative	   stage	   of	   wound	   healing	   (Krishna	   et	   al.,	   2012b;	   Sørensen,	   2016;	  
Zeeuwen	  et	  al.,	  2012).	  These	  defensins	  can	  increase	  cytokine	  production	  and	  promote	  
keratinocyte	  proliferation	  and	  migration	  in	  the	  wound	  (Mangoni	  et	  al.,	  2016).	  Studies	  
have	  shown	  that	  mechanical	  injury	  to	  skin	  in	  mouse	  models	  also	  leads	  to	  increased	  
expression	   of	   HBD-­‐3	   (Ahrens	   et	   al.,	   2011).	   The	   anti-­‐microbial	   activity	   of	   HBD-­‐2	   is	  
mainly	   directed	   at	   gram-­‐negative	   bacteria	   and	   has	   low	   activity	   against	   S.	   aureus,	  
whereas	   HBD-­‐3	   is	   mainly	   directed	   against	   gram-­‐positive	   bacteria,	   in	   particular	   S.	  
aureus	  (Zeeunwen	  2012,	  Bojar	  2002).	  Commensals	  such	  as	  S.	  epidermidis	  are	  thought	  
to	  aid	  the	  skin’s	  defence	  against	  pathogens	  by	  increasing	  the	  production	  of	  AMPS,	  but	  
remain	  unaffected	  by	  the	  anti-­‐microbial	  activity	  (Cogen	  et	  al.,	  2008;	  Bojar	  et	  al.,	  2002).	  
Studies	  have	  shown	  S.	  aureus	  induces	  HBD-­‐2	  mRNA	  and	  protein	  levels	  in	  3D	  models	  
but	  not	   as	  dramatically	   as	  S.	  epidermidis	   (Wanke	   et	   al.,	   2011;	  Haisma	  et	   al.,	   2013).	  
Haisma	  et	  al.	  (2013)	  showed	  no	  change	  in	  HBD-­‐3	  expression	  between	  wounded	  rafts,	  
unwounded	  rafts	  and	  rafts	  colonised	  with	  S	  aureus,	  whereas	  Wanke	  et	  al.	  (2011)	  and	  
Menzies	   et	   al.	   (2005)	   found	   that	   S.	   aureus	   did	   increase	   HBD-­‐3	   expression	   in	  
differentiated	  keratinocytes.	  In	  this	  study,	  both	  HBD-­‐2	  and	  HBD-­‐3	  were	  detectable	  at	  
all	   time	   points	   and	   levels	   did	   not	   alter	   in	   response	   to	   thermal	   injury	   or	   bacterial	  
colonisation	   in	   either	   the	   2D	   or	   3D	   models.	   There	   was	   also	   no	   difference	   in	   the	  
amounts	  produced	  between	  the	  2D	  keratinocyte	  model	  and	  the	  3D	  skin	  raft	  model.	  
The	  ELISA	  kit	  used	   for	   this	  assay	  was	  working	   to	  specification	  but	   there	  may	  have	  
been	  something	  in	  the	  media	  or	  samples	  that	  were	  affecting	  the	  results	  as	  Wanke	  et	  
al.	   (2011)	   also	   used	   an	   ELISA	   for	   HBD	   detection.	   It’s	  mostly	   likely	   that	   there	  was	  
something	  in	  the	  media	  affecting	  the	  readings	  as	  media	  only	  wells	  resulted	  in	  similar	  
OD	  readings	  as	  samples.	  Another	  method	  for	  detection	  is	  quantitative	  real-­‐time	  PCR	  
that	   was	   used	   in	   conjunction	   with	   ELISA	   (Menzies	   et	   al.,	   2005,	   2006).	   Other	  
techniques	   for	   identification	   that	   could	   be	   used	   are	   ProtienChip	   Array,	   western	  
immunoblot	  (Diamond	  et	  al.,	  2001;	  O’Neil	  et	  al.,	  1999),	  and	  immunohistochemistry,	  





Matrix	  Metalloproteinase	  (MMPs)	  
	  MMP-­‐2	  and	  MMP-­‐9	  are	  expressed	  by	  epithelia,	  stromal	  or	  immune	  cells,	  in	  particular	  
keratinocytes	   during	   wound	   re-­‐epithelisation	   (Caley	   et	   al.,	   2015;	   Madlener	   et	   al.,	  
1998;	  Serra	  et	  al.,	  2014),	  and	  have	  enzymatic	  activity	  on	  gelatin,	  collagen	  I	  and	  IV,	  and	  
laminin	  (Caley	  et	  al.,	  2015;	  Shimokawa	  et	  al.,	  2002).	  To	  assure	  temporal	  and	  spatial	  
control	  of	  their	  activity,	  MMPs	  are	  synthesized	  as	  inactive	  pro-­‐enzymes	  or	  zymogens	  
and	  removal	  of	  the	  pro-­‐domain	  by	  autocatalytic	  cleavage	  is	  necessary	  to	  fully	  activate	  
both	  enzymes	  (Frankowski	  et	  al.,	  2012)).	  MMP-­‐2	  (Gelatinase	  A)	   is	  expressed	  at	   the	  
edge	  of	  wounds	  and	  allows	  detachment	  and	  promotion	  of	  keratinocyte	  migration	  by	  
cleaving	   the	   γ-­‐2	   chain	   of	   laminin	   (Armstrong.	   et	   al.,	   2002;	   Kanangat	   et	   al.,	   2006),	  
whereas	  MMP-­‐9	  (Gelatinase	  B)	  plays	  an	  important	  role	  in	  keratinocyte	  migration	  and	  
is	  expressed	  in	  the	  leading	  edge	  of	  migrating	  keratinocytes	  (Caley	  et	  al.,	  2015).	  Studies	  
have	  shown	  MMP-­‐9	  to	  be	  expressed	  in	  acute	  and	  chronic	  wounds	  in	  mice	  (Vandooren	  
et	   al.,	   2013).	   MMP-­‐9	   causes	   dermal	   collagen	   reorganisation	   and	   has	   detrimental	  
effects	   in	  chronic	  wounds	   if	  expression	  persists	   (LeBert	  et	  al.,	  2015;	  Menzies	  et	  al.,	  
2005).	  Most	  MMP	  studies	  have	  been	  conducted	  in	  animal	  models.	  For	  example	  MMP-­‐
9–null	  mice	  have	  impaired	  wound	  healing	  (Kyriakides	  et	  al.,	  2009).	  MMP-­‐2	  and	  MMP-­‐
9	   have	   been	   identified	   to	   have	   elevated	   levels	   in	   chronic	   wounds	   with	   significant	  
impact	  on	  collagen	  degradation	  and	  tissue	  destruction	  (Krisp	  et	  al.,	  2013).	  The	  study	  
by	  Kanangat	  et	  al.	  (2006)	  showed	  MMP-­‐2	  is	  upregulated	  in	  human	  fibroblasts	  upon	  
exposure	  to	  S.	  aureus.	  Brauweiler	  et	  al.	  (2015)	  saw	  an	  increase	  in	  MMP-­‐9	  production	  
by	  undamaged	  human	  keratinocytes	  in	  response	  to	  S.	  aureus	  LTA.	  No	  wound	  studies	  
on	  MMP-­‐2	  and	  MMP-­‐9	  production,	  which	  use	  the	  2D	  keratinocyte	  models	  or	  3D	  raft	  
cultures	  have	  been	  published	  to	  date.	  	  
	  
In	  this	  study,	  pro-­‐MMP-­‐9	  was	  halved	  one	  day	  after	  thermal	  injury	  in	  low	  nutrient	  
conditions,	   whereas	   at	   all	   other	   time	   points	   in	   both	   type	   of	   wounds	   it	   stayed	  
relatively	   constant.	   This	   was	   not	   expected,	   as	   MMP-­‐9	   is	   up	   regulated	   during	  
migration	  of	  keratinocytes	  (Caley	  et	  al.,	  2015),	  and	  cells	  were	  migrating	  during	  
the	  first	  day	  in	  this	  model.	  This	  reduction	  by	  half	  is	  not	  solely	  a	  reflection	  of	  the	  
number	  of	  cells	  left	  in	  the	  well	  after	  thermal	  injury,	  as	  the	  initial	  wounded	  area	  
was	   approximately	   22%	   of	   total	   area	   of	   the	  monolayer.	   However	   there	  was	   a	  




may	   have	   initialised	   migration	   during	   the	   first	   24	   hrs	   after	   wounding	  
compensating	  for	  the	  decrease	  in	  MMP-­‐9.	  The	  concentration	  of	  FCS	  did	  have	  an	  
effect	   on	   the	   amount	   of	  MMPs	   produced	   in	   this	   2D	  model.	   The	   pro	   and	   active	  
forms	  of	  MMP-­‐2	  and	  MMP-­‐9	  were	  more	  abundant	  in	  wounds	  with	  high	  nutrient	  
levels.	  The	  active	  MMP	  expression	  in	  high	  nutrient	  levels	  responded	  to	  wounding	  
in	   a	   manner	   described	   in	   the	   literature	   (Caley	   et	   al.,	   2015;	   Vandooren	   et	   al.,	  
2013),	  where	  active	  MMP-­‐9	  and	  MMP-­‐2	   is	  up	  regulated	   in	  response	  to	   thermal	  
injury.	  The	  effects	  of	  wounding	  on	  MMP	  levels	  in	  the	  3D	  model	  better	  reflected	  
the	   known	   roles	   of	   these	   MMPs	   in	   wounds	   (Caley	   et	   al.,	   2015;	   LeBert	   et	   al.,	  
2015).	   Active	   MMP-­‐9	   and	   MMP-­‐2	   increased	   after	   thermal	   injury	   and	   stayed	  
elevated	   throughout	   the	   time	   course	   of	   wound	   healing.	   Migration	   and	  
proliferation	   occurred	   at	   every	   time	   point	   after	   thermal	   injury	   indicating	   that	  
MMP-­‐9	  and	  MMP-­‐2	  were	  contributing	  to	  these	  processes	  during	  wound	  closure.	  
The	  levels	  of	  active	  MMP-­‐9	  suggested	  that	  these	  were	  returning	  to	  normal	  when	  
wounds	   had	   closed,	   whereas	   active	   MMP-­‐2	   was	   still	   increasing.	   Caley	   et	   al.	  
(2015)	  proposes	  that	  both	  these	  MMPs	  are	  increased	  for	  re-­‐epithelialisation	  and	  
then	  reduced	  after	  wound	  closure	  is	  complete.	  The	  continued	  increase	  of	  active	  
MMP-­‐2	  suggests	  it	  may	  be	  needed	  during	  the	  re-­‐layering	  of	  the	  epidermis,	  which	  
had	   not	   occurred	   by	   the	   completion	   of	   the	   experiment.	   Therefore,	   future	  
experiments	  should	  extend	  the	  length	  of	  the	  time	  course	  after	  thermal	  injury	  to	  
identify	  the	  role	  of	  MMPS	  during	  re-­‐layering	  of	  the	  epidermis.	  	  
	  
The	   presence	   of	   S.	   aureus,	   S.	   epidermidis,	   S.	   lugdunensis,	   S.	   haemolyticus,	   S.	  
hominis	  and	  S.	  capitis	  resulted	  in	  decreased	  MMP	  production	  in	  wounds	  in	  the	  2D	  
model.	  This	   is	   in	   contrast	   to	   the	   findings	  of	  Brauweiler	  et	  al.	   (2015),	  where	  an	  
increase	  of	  MMP-­‐9,	  detected	  by	  real-­‐time	  PCR	  and	  ELISA	  kits,	  was	  observed	  from	  
keratinocytes	   in	   response	   to	   LTA	   from	   S.	   aureus.	   In	   the	   2D	   model,	   impaired	  
wound	   healing	   was	   observed	   in	   wounds	   infected	   with	   S.	   aureus	   and	   CoNS	  
(except	  S.	  epidermis),	  migration	  had	  stopped	  and	  then	  cell	  viability	  was	  lost.	  The	  
decreased	   MMP	   levels	   could	   be	   a	   reflection	   of	   this,	   as	   MMPs	   are	   needed	   for	  
migration.	  This	  decrease	  could	  also	  be	  due	  to	  nutrient	  depletion	  by	  the	  bacteria	  
affecting	   cellular	   activity	   and	   thus	   MMP	   production,	   as	   the	   most	   dramatic	  




this	   doesn’t	   explain	   why	   a	   decrease	   in	   MMP	   levels	   was	   also	   seen	   with	   S.	  
epidermidis,	   as	   wound	   healing	   was	   not	   impaired,	   or	   the	   lack	   of	   change	   in	  
response	  to	  S.	  lugdunensis	  at	  day	  three	  before	  cell	  viability	  was	  lost.	  	  As	  only	  one	  
replicate	   was	   chosen	   for	   this	   analysis,	   more	   samples	   need	   to	   be	   analyzed	   to	  
determine	  if	  any	  difference	  observed	  is	  statistically	  significant.	  	  
	  
Trends	   for	  MMPs	   in	  the	  3D	  model	  during	  the	  wound	  healing	  time	  course	  show	  
the	  presence	  of	  S.	  aureus	  and	  S.	  epidermidis	  results	   in	  a	  decrease	  in	  MMP-­‐9	  and	  
MMP-­‐2	   (active	   forms),	  with	  a	   larger	  decrease	  occurring	   for	  S.	  aureus.	  Although	  
both	   bacteria	   affected	  MMP	  production,	  wounds	  were	   still	   able	   to	   close	   in	   the	  
presence	  of	  S.	  epidermidis.	  Together	  this	  suggests	  that	  in	  this	  model	  there	  may	  be	  
some	   degree	   of	   redundancy	   in	   MMPs	   and	   their	   combined	   reduction	   slows	  
migration,	  as	  demonstrated	  by	  wounds	   infected	  with	  S.	  aureus.	   	  However,	  with	  
only	  one	  wound	  analyzed	  this	  observation	  is	  only	  speculation.	  Repeat	  analyses,	  
biological	   repeats,	   and	   evaluation	   of	   wound	   healing	   with	   different	   starting	  
inoculums	  of	  S.	  aureus	  and	  S.	  epidermidis	  is	  required	  for	  validation.	  It	  would	  also	  
be	  beneficial	   to	   investigate	  some	  of	   the	  other	  MMPs	  involved	  in	  wound	  healing	  
(such	   as	   MMP-­‐1,	   MMP-­‐8,	   MMP-­‐10,	   and	   MMP-­‐13)	   as	   they	   have	   overlapping	  
functions	  and	  could	  determine	   if	   there	   is	  redundancy	  (Caley	  et	  al.,	  2014).	  Then	  
the	   remaining	   bacteria	   can	   also	   be	   evaluated	   and	   compared	   with	   results	  
obtained	  in	  the	  2D	  model.	   If	   further	  studies	  were	  to	   investigate	  multiple	  MMPs	  
real-­‐time	  PCR	  or	   a	  multiplexed	   chip	   assay	  developed	  by	  Chen	   et	   al.	   (2011)	  
would	  be	  a	  good	  approach	  for	  high-­‐throughput	  screening	  (Chen	  et	  al.,	  2011).	  	  
	  
Overall	   this	   3D	  model	  was	   a	   better	   representation	  of	   natural	   skin	   than	   the	  2D	  
model,	   with	   MMPs	   behaving	   similarly	   after	   wounding	   (Caley	   et	   al.,	   2015).	  
However	   both	   models	   failed	   to	   achieve	   an	   inflammatory	   and	   antimicrobial	  
response	   to	  wounding	   and	  bacterial	   infection.	   Interestingly	  models	   indicated	   a	  
decrease	   in	   MMP	   levels	   in	   response	   to	   bacteria	   a	   finding	   that	   is	   different	   to	  







4.5.	  Conclusions	  and	  future	  directions	  
The	  objectives	  of	  this	  study	  were	  to	  establish	  a	  skin	  model,	  3D	  or	  2D,	  suitable	  for	  
thermal	  injury,	  and	  to	  use	  the	  best	  model	  to	  investigate	  the	  impact	  of	  commensal	  
CoNS	  and	  pathogen	  S.	  aureus.	  This	  research	  is	  the	  first	  to	  look	  into	  the	  impact	  of	  
CoNS	   on	   wound	   healing	   using	   in	   vitro	   models.	   The	   3D	   in	   vitro	   models	   better	  
represent	  the	  structure	  of	  the	  human	  skin.	  However,	  in	  this	  study	  rafts	  grown	  in	  
Transwell	   inserts	   were	   better	   suited	   for	   thermal	   injury	   than	   ones	   grown	   in	  
Alvetex	  scaffolds.	  Time	  and	  resources	  restricted	  the	  ability	  to	  produce	  even,	  full	  
thickness	  skin	  rafts	  using	  the	  Alvetex	  scaffolds	  and	  the	  porous	  matrix	  prevented	  
proper	  migration	  needed	  for	  wound	  healing.	  ORC	  in	  Transwell	  inserts	  displayed	  
a	  3D	  structure,	  but	  lacked	  the	  dermal	  component,	  and	  keratinocytes	  were	  unable	  
to	   completely	   differentiate	   and	   keratinise.	   Regardless	   of	   these	   issues	   the	  
Transwell	   model	   was	   able	   to	   heal	   and	   complete	   wound	   closure	   after	   thermal	  
injury.	  	  This	  3D	  skin	  raft	  model	  also	  better	  represented	  the	  environment	  of	  skin,	  
as	   cells	   were	   exposed	   at	   the	   air/liquid	   interface.	   In	   addition,	   the	   3D	   model	  
showed	  increased	  MMP-­‐2	  and	  MMP-­‐9	  levels	  in	  response	  to	  wounding	  similar	  to	  
in	  vivo	   skin.	  Evaluation	  of	  S.	  aureus	   and	  S.	  epidermidis	   using	   this	  3D	  raft	  model	  
showed	   bacterial	   infection	   resulted	   in	   a	   reduced	   amount	   of	   active	  MMP-­‐2	   and	  
MMP-­‐9	   to	   varying	  degrees.	  S.	  aureus	   reduced	  MMP-­‐2	  more	   than	  S.	  epidermidis,	  
coinciding	  with	  decreased	  cell	  migration	  and	  greater	  impairment	  in	  healing.	  This	  
is	   the	   first	   report	   showing	   a	   link	   between	  MMP-­‐2	   and	  MMP-­‐9	   production	   and	  
bacterial	   suppression	   of	   wound	   healing	   in	   a	   3D	  model.	   Neither	   of	   the	  models	  
tested	  showed	  changes	  in	  pro-­‐inflammatory	  cytokines	  (IL-­‐1β,	  IL-­‐6	  and	  IL-­‐8)	  and	  
AMPs	   (HBD-­‐2	   and	   HBD-­‐3)	   in	   response	   to	   wounding	   or	   bacterial	   colonisation.	  
Following	   optimisation	   of	   the	   dermal	   ECM	   and	   epidermal	   stratification,	   these	  
models	  could	  be	  improved	  further	  by	  the	  incorporation	  of	  innate	  immune	  cells.	  
Similar	   models	   have	   been	   shown	   to	   support	   Langerhans	   cell	   and	   monocyte	  
differentiation,	   the	   addition	   of	   which	   increased	   key	   regulators	   in	   response	   to	  
wounding	  (Bechetoille	  et	  al.,	  2007;	  Bechetoille	  et	  al.,	  2011).	  The	  incorporation	  of	  
innate	  immune	  cells	  into	  the	  model	  would	  increase	  similarity	  to	  human	  skin	  and	  
responsiveness	  to	  bacteria,	  thus	  providing	  a	  better	  understanding	  of	  healing	  and	  





Although	  the	  2D	  keratinocyte	  model	  is	  far	  from	  the	  complex	  architecture	  and	  dry	  
conditions	   of	   human	   skin,	   it	   was	   used	   successfully	   to	   evaluate	   the	   impact	   of	  
Staphylococcus	  spp	   on	  wound	   closure.	  A	   small	   inoculum	  of	  S.	  aureus	   caused	  an	  
immediate	   impairment	   in	   healing,	   with	   building	   toxicity	   causing	   monolayer	  
destruction	  within	  two	  to	  three	  days	  after	  wounding	  when	  bacterial	  reached	  108	  
CFU/mL.	  Similar	  inocula	  of	  S.	  epidermidis	  had	  no	  effect	  on	  healing.	  S.	  lugdunensis,	  
S.	  haemolyticus,	  S.	  hominis	  and	  S.	  capitis	  all	  impeded	  wound	  healing	  but	  primarily	  
in	  low	  nutrient	  conditions	  when	  bacterial	  numbers	  were	  low.	  	  
All	   four	   CoNS	   displayed	   characteristics	   that	   could	   potentially	   influence	   the	  
healing	  of	  burn	  wounds.	  S.	   lugdunensis,	  S.	  haemolyticus,	  S.	  hominis	  and	  S.	  capitis	  
increased	   in	   numbers	   at	   a	   similar	   rate	   to	   the	   pathogen	   S.	   aureus	   and	   S.	  
lugdunensis	   displayed	   attachment	   characteristics	   similar	   to	   those	   of	   S.	   aureus.	  
The	   CoNS	   also	   displayed	   biofilm-­‐like	   characteristics	   such	   as	   production	   of	  
extracellular	  products,	  making	  the	  media	  thick	  and	  slimy,	  or	  formed	  mucus	  like	  
micro-­‐colonies	   to	   a	   greater	   extent	   than	   the	   known	   biofilm-­‐forming	   bacteria,	   S.	  
epidermidis.	  	  
	  
Overall	   this	   exploratory	   study	   was	   successful	   in	   developing	   a	   thermal	   injury	  
technique	   and	   created	  working,	   2D	   and	   3D,	   thermal	   injury	  models.	   This	   study	  
showed	  CoNS	  have	  the	  potential	  to	  impede	  healing	  of	  burn	  wounds,	  and	  it	  is	  the	  
first	  report	  of	  Staphylococcal	  species	  reducing	  the	  amount	  of	  MMPs	  produced	  by	  
epithelial	  cells.	  The	  environment	  of	  the	  3D	  model	  was	  a	  better	  representation	  of	  
in	   vivo	   skin	   and	   displayed	   a	   MMP	   response	   to	   wound	   similar	   to	   native	   skin.	  
Future	   studies	   could	   investigate	   the	   virulence	   and	   biofilm	   factors	   of	   CoNS	   on	  
thermal	  wound	  healing,	  using	  HSE	  or	  ex	  vivo	  models	  that	  best	  represent	  human	  
in	   vivo	   tissue.	   To	   further	   simulate	   the	   environment	   of	   skin,	   skin	   commensals	  
could	  be	   inoculated	  on	   the	  model(s)	   surface	  before	  wounding	  allowing	  a	  more	  
realistic	   investigation	   of	   the	   impact	   of	   commensal	   bacteria	   on	  wound	   healing.	  
Studies	   could	   be	   undertaken	   using	   commensal	   bacteria	   that	   are	   inoculated	  
separately	  or	   in	   combination,	   and	  also	  prior	   to	   inoculation	  of	   a	  pathogen.	  This	  
would	   simulate	   events	   in	   vivo,	   as	   the	   skin’s	  microbiota	   is	   a	  mixed	   community	  
(Bojar,	   2015;	   Bojar	   et	   al.,	   2002;	   Cogen	   et	   al.,	   2008;	   Dryden,	   2009;	   Grice	   et	   al.,	  



























































































































































































































































































driver	  and	  copper	  rod	  w
as	  placed	  into	  a	  glass	  sterile	  universal	  w
ith	  20	  m
L	  of	  sterile	  
PBS.	  The	  universal	  containing	  the	  im
plem
ent	  w
as	  then	  placed	  into	  the	  w










ater	  bath.	  The	  
tem




ed	  to	  be	  the	  sam
e	  tem
perature	  as	  the	  PBS.	  Results	  from
	  the	  
tem








Figure	  S1.	  Production	  of	  purple	  precipitate	  on	  slide	  sections	  when	  staining	  
using	  Histoclear.	  
Photographs	  of	  expanded	  paraffin-­‐embedded	  cross	  sections	  of	  mature	  skin	  rafts	  
grown	   in	  Alvetex	  scaffolds	  and	  stained	  with	  H&E	  using	  Histoclear.	  Highlighting	  
the	   range	   of	   purple	   precipitate	   produced	   during	   coverslip	  mounting	   following	  
manufacturers	  protocol.	  Rafts	  generated	  with	  1x106	  NDHFs	  and	  1x106	  HaCaTs,	  
A)	   with	   no	   change	   in	   culture	   conditions,	   B)	   with	   1:4	   ratio	   of	   collagen	   to	  
fibroblasts	   when	   seeding	   NHDF	   and	   C)	   with	   an	   added	   matrigel	   coating	   of	  
fibroblasts	   before	   HaCaT	   seeding.	   All	   rafts	   underwent	   the	   same	   paraffin	  
embedding	   process	   and	   staining	   procedure	   using	   Histoclear	   as	   the	   clearing	  




















Figure	   S2.	   Raft	   culture	   development	   when	   fibroblasts	   are	   seeded	   with	  
collagen	  in	  Alvetex	  Scaffolds.	  	  
Photographs	   taken	   of	   raft	   development	   following	   fibroblast	   seeding	   with	  
collagen	  at	  one	  week	  after	  fibroblast	  seeding	  (A),	  one	  week	  after	  HaCaT	  seeding	  
(B)	  and	  at	  maturity	  (C)	  using	  neutral	  Red	  staining.	  	  Higher	  density	  of	  fibroblasts	  
isolated	  to	  lower	  area	  of	  raft	  (AI),	  HaCaTs	  are	  seen	  to	  populate	  the	  other	  area	  of	  
raft	  in	  BI	  with	  very	  few	  cells	  in	  lower	  area	  BII	  which	  is	  more	  evident	  in	  CII.	  AII,	  
BII	  and	  CII	  are	  photographs	  taken	  at	  x4	  magnification	  with	  scale	  bar	  at	  1000	  μm.	  
























Figure	  S3.	  Scaffold	  damage	  and	  increasing	  cell	  death	  after	  thermal	  injury	  to	  
Alvetex	  skin	  rafts.	  	  
Photographs	   were	   taken	   of	   the	   surface	   of	   mature	   skin	   rafts	   generated,	   using	  
Alvetex	   scaffolds,	   using	   seeding	   concentrations	   of	   1x106	   NDHFs	   and	   1x106	  
HaCaTs.	  	  Each	  raft	  received	  one	  3	  mm	  diameter	  burn.	  Photographs	  were	  taken	  of	  
the	  surface	  of	  mature	  skin	  rafts	  at	  (A)	  day	  of	  burn,	  (B)	  two	  days	  and	  (C)	  four	  days	  
after	   receiving	   thermal	   injury	   using	   an	   Olympus	   TH4200	   microscope.	   With	  
corresponding	  photographs	  of	  H&E-­‐stained	  cross-­‐sections	  of	  mature	  skin	  rafts	  at	  
(D)	  day	  of	  burn,	   (E)	   two	  days	  and	   (F)	   four	  days	  after	   receiving	   thermal	   injury.	  
Note	  how	  blue/dark	  nuclear	  staining	  disappears	  from	  the	  rafts	  with	  time.	  Scale	  
bar	   =	   500	   μm.	   Green	   arrows	   indicated	  wound	   edge	   in	   epidermis,	   blue	   arrows	  




















Figure	  S4	  Photographs	  of	  HaCaT	  migration	  after	  thermal	  injury	  at	  varying	  
temperatures.	  	  
Photographs	   of	   wounds	   created	   in	   the	   HaCaT	   monolayer	   by	   (A)	   room	  
temperature	  (no	  heat),	  (B)	  65°C,	  (C)	  70°C,	  (D)	  75°C	  and	  (E)	  80°C	  by	  heated	  3	  mm	  
copper	  rod	  at	  4x	  magnification.	  The	  red	  lines	  indicate	  area	  of	  the	  wound	  deemed	  
absent	  of	  cells	  and	  all	  were	  created	  with	  10	  sec	  of	  contact	  and	  incubated	  with	  1%	  






















Table	  contains	  the	  temperature	  of	  copper	  rods	  used	  for	  thermal	  injury.	  (A)	  Room	  
temperature	  (no	  heat),	   (B)	  65°C,	   (c)	  70°c,	   (D)	  75°C	  and	  (E)	  80°C	  with	   the	   time	  
that	   the	   copper	   rood	  was	   in	   contact	  with	   the	   cells,	   and	   how	   long	   each	  wound	  
took	   to	  close,	   the	  number	  of	  burns	  corresponding	   to	   the	  day	  of	  wound	  closure	  

























































































Figure	  S5.	  Wound	  closure	  rate	  comparison	  between	  a	  range	  of	  mediums	  for	  
FH	  and	  SH	  wounds.	  	  
The	   area	   within	   the	   HaCaT	   monolayer	   that	   was	   deemed	   absent	   of	   cells	   after	  
thermal	   injury	   and	   was	   monitored	   every	   24	   hrs.	   Each	   wound	   was	   quantified	  
using	  Fiji	  image	  software.	  After	  thermal	  injury	  different	  media	  types	  were	  added	  
to	   the	   cells	   for	   either	   a	   FH	   wound	   (A)	   consisting	   of;	   DMEM	   with	   high	  
concentrations	   of	   FCS	   or	   KGFS	   in	   EpiLife	   (used	   for	   keratinocyte	   proliferation	  
boost	  in	  the	  3D	  models),	  or	  SH	  wound	  (B)	  consisting	  of;	  DMEM	  with	  low	  FCS	  or	  
with	  low	  amounts	  of	  BSA.	  Wound	  closure	  over	  time	  is	  presented	  as	  a	  percentage	  
normalised	   to	   initial	   wound	   area	   for	   every	   individual	   wound.	   Mean	   values	   of	  























































Table	  contains	  the	  total	  number	  of	  replicate	  wounds	  at	  day	  one,	  two,	  three	  and	  
four	  after	  thermal	  injury	  for	  SH	  and	  FH	  wounds	  inoculated	  with	  bacteria.	  Three	  
biological	  repeats	  were	  conducted	  for	  each	  bacteria	  of	  which	  consisted	  of	  three	  
technical	  repeats	  giving	  a	  maximum	  of	  n	  =	  9	  for	  each	  bacteria.	  Each	  sub	  column	  
of	  SH	  and	  FH	  wounds	  contain	  the	  replicate	  wounds	  with	  the	  size	  of	  the	  wounded	  
area	  at	  each	  time	  point,	  as	  a	  percentage	  of	  the	  initial	  wound	  area.	  Wound	  size	  at	  t	  
=	  0	  is	  100%	  for	  each	  wound	  and	  not	  included	  in	  the	  table.	  	  Missing	  values	  in	  an	  
entire	  sub	  column	  of	  SH	  and	  FH	  wounds	  indicates	  a	  replicate	  well	  that	  had	  areas	  
of	   the	   monolayer	   disrupted	   before	   wounding	   or	   within	   24	   hrs	   after	   thermal	  
injury	  that	  was	  no	  associated	  with	  thermal	  injury.	  
-­‐	  =	  Cell	  monolayer	  obliteration	  occurred	  	  
Bacteria(( Time(( Slow(healing((SH)(wounds(( total(( Fast(healing((FH)(wounds(
total(
(
S.#epidermidis# 1" 78.4 84.6 67.0 82.3 64.3 62.3 89.0 44.6 8( 51.8 27.0 14.2 56.7 44.1 50.9 40.0 32.6 8(
2" 42.6 43.7 37.5 30.1 17.9 7.8 28.6 6.6 8( 0 0 0 1.0 0 0 0 0 8(
3" 6.2 6.8 1.9 0 0 0 0 0 8( 0 0 0 0 0 0 0 0 8(
4" 0 0 0 0 0 0 0 0 8( 0 0 0 0 0 0 0 0 8(
S.#aureus# 1" 51.3 79.7 52.8 56.4 59.3 70.2 60.3 76.7 72.4 9 36.3 44.1 25.4 44.9 38.9 29.1 30.8 40.5 32.9 9 
2" 32.9 53.8 39.9 34.6 42.1 45.1 38.5 74.1 62.7 9 -" -" -" -" -" -" -" -" -" 0(
3" - 70.9 - - - 52.9 - - - 2 -" -" -" -" -" -" -" -" -" 0(
4" -" -" -" -" -" -" -" -" -" 0( -" -" -" -" -" -" -" -" -" 0(
S.#lugdunensis# 1" 64.8 63.6 55.9 58.4 52.1 64.2 69.0 67.6 63.9 9( 41.0 33.8 29.3 36.0 42.5 29.5 32.4 25.6 8(
2" 48.9 50.9 53.7 59.4 63.8 41.4 55.4 60.9 59.8 9( 0 - - 0.4 0.8 0.9 6.3 12.5 6(
3" 53.3 82.1 72.2 - - 39.3 - 65.9 - 5( - - - 0 - - 2.9 - 2(
4" - - - - - 50.6 - 83.2 - 2( -" -" -" -" -" -" -" -" 0(
S.#haemoly3cus# 1" 67.7 72.4 56.8 56.1 65.0 61.4 76.8 63.0 8( 50.8 27.7 24.1 59.3 38.3 27.9 32.5 65.1 58.0 9(
2" 49.6 66.5 41.8 61.5 41.5 53.1 74.8 63.4 8( 17.9 13.3 2.2 57.1 11.0 0.5 20.6 - - 7(
3" 58.7 71.6 45.1 89.7 72.9 54.7 77.9 117.8 8( - - - - - - 34.2 - - 1(
4" - - - - - - - - 0( -" -" -" -" -" -" -" -" -" 0(
S.#hominis# 1" 56.3 70.8 79.4 69.9 65.3 68.4 59.5 77.2 49.8 9( 43.8 47.1 42.7 33.2 31.3 29.7 47.4 7(
2" 56.8 53.8 43.9 62.1 46.2 39.1 24.2 18.3 31.1 9( 13.7 24.9 2.6 36.8 30.3 26.7 31.8 7(
3" 62.0 53.6 43.6 70.3 45.3 36.3 23.2 11.3 22.5 9( 3.8 17.1 6.4 - - - 30.8 4(
4" 94.4 58.9 64.5 99.6 47.3 - 49.4 30.3 27.8 8( - - - - - - - 0(
S.#capi3s# 1" 67.6 99.1 51.2 70.1 68.4 57.0 63.0 67.6 77.4 9( 26.4 28.9 33.1 42.8 40.3 32.4 45.8 34.6 45.2 9(
2" 41.3 31.1 36.6 47.6 45.9 43.6 50.4 42.4 34.9 9( 0 0 0 4.1 3.5 0 2.9 0 39.6 9(
3" 36.7 17.9 15.9 58.8 54.8 21.9 51.3 33.1 21.2 9( 0 0 0 0 0 - 0 0 - 7(
4" 27.4 12.9 17.6 90.7 159.2 75.6 - 54.2 42.0 8( 0 0 0 - - - - - - 3(
Table	   S3.	  Table	  of	  number	  of	   replicates	  of	  wounds	  with	  bacteria,	   at	   each	   time	  point	  




Table	  S4.	  S.	  epidermidis	  attachment	  numbers	  on	  cells	  in	  intact	  monolayers	  
compared	  with	  number	  of	  bacteria	  on	  cells	  in	  wounded	  monolayers	  at	  time	  
points	  1,	  2,	  3,	  and	  4	  days	  after	  thermal	  injury	  for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  
thermal	  injury	  	  
Wound	  
type	  
Number	  of	  attached	  bacteria	  on:	  	  
Intact	  monolayers	   Wounded	  monolayers	  
1	   SH	   14	   9	  
FH	   15	   13	  
2	   SH	   +	   675	  
FH	   174	   153	  
3	   SH	   +++	   ++	  
FH	   ++	   ++	  
4	   SH	   ++++	   ++++	  
FH	   +++	   +++	  
Total	  number	  of	  bacteria	  from	  10	  fields	  of	  view	  on	  gram	  stained	  monolayers	  at	  
the	  time	  point	  indicated.	  
















Table	  S5	  S.	  epidermidis	  viable	  counts	   in	   intact	  monolayers	  compared	  with	  
wounded	  monolayers	  at	  time	  points	  1,	  2,	  3,	  and	  4	  days	  after	  thermal	  injury	  
for	  a	  SH	  and	  FH	  wound.	  
Days	  post	  
thermal	  injury	  	  
Type	  of	  
wound	  
Bacterial	  viable	  counts	  	  
Intact	  monolayers	   Wounded	  
monolayers	  
1	   SH	   200	   100	  
FH	   100	   100	  
2	   SH	   1.67x106	   5.77x105	  
FH	   2.27x105	   2.93x105	  
3	   SH	   3.65x108	   8.75x107	  
FH	   1.45x107	   5.45x107	  
4	   SH	   5x108	   3x108	  
FH	   2.5x108	   1.5x108	  
Viable	   counts	   from	  supernatant	   in	   intact	  and	  wounded	  monolayers	  at	   the	   time	  
points	   indicated.	   Viable	   counts	   were	   carried	   out	   following	  methods	   in	   section	  








































Figure	   S6.	   Surface	  morphology	  of	  mature	   skin	   raft	   grown	  on	  a	  Transwell	  
insert.	  
Photograph	  of	  surface	  morphology	  of	  a	  mature	  skin	  raft	  using	  Olympus	  TH4200	  
microscope.	   Mature	   skin	   raft	   was	   grown	   on	   a	   Transwell	   insert	   seeded	   with	  
3x105	  NHDFs	  and	  then	  1.5x106	  HaCaTs.	  Cell	  borders	  are	  visible	  where	  cells	  have	  
become	  squamous,	  indicated	  with	  white	  arrows.	  Photo	  taken	  at	  x4	  magnification	  

























Figure	  S7.	  Fibroblasts	  are	  needed	  in	  Transwell	  skin	  raft	  culture.	  	  	  
Time-­‐lapsed	   photographs	   of	   the	   surface	   of	   raft	   cultures	   generated	   on	  Transwell	  
inserts	  over	  a	  four-­‐day	  time	  period	  after	  skin	  raft	  reached	  maturity.	  A)	  Co-­‐culture	  
of	   Fibroblasts	   (NHDF)	   seeded	   at	   3x105	   and	   keratinocytes	   (HaCaTs)	   seeded	   at	  
1.5x106	  HaCaTs.	  B)	  Seeded	  with	  1.5x106	  keratinocytes	  (HaCaTs)	  only.	  Cell	  culture	  
is	  visualized	  with	  neutral	  red	  stain,	  neutral	  red	  staining	  method	  was	  used	  each	  day	  
before	  visualization	  where	  raft	  cultures	  were	  washed	  before	  and	  after	  the	  neutral	  







Figure	  S8.	  Variation	  in	  wound	  closure	  between	  burns	  with	  S.	  aureus.	  
Time-­‐lapsed	   photographs	   of	   wound	   closure	   after	   thermal	   injury	   on	   skin	   rafts	  
with	   S.	   aureus.	   Rafts	   were	   generated	   on	   Transwell	   inserts	   seeded	   with	   3x105	  
NHDFs	  and	  then	  1.5x106	  HaCaTs.	  Each	  raft	  was	  a	  technical	  repeat	  and	  received	  
one	  3	  mm	  burn	  from	  copper	  rod	  at	  80°C	  then	  inoculated	  with	  approximately	  50	  
bacteria.	  The	  medium	  below	  the	  raft	  was	   then	  changed	  and	  contained	  5%	  FCS.	  
(A)	   Burn	   one	   completed	   wound	   closure,	   whereas	   (B)	   Burn	   two	   and	   (C)	   Burn	  
three	   failed	  to	  complete	  wound	  closure	  by	  day	   four.	  Red	   lines	   identify	   the	  area	  













Table	   S6.	   Concentration	   range	   of	   cytokines	   and	   antimicrobial	   peptides	  
produced	   from	   skin	   models	   from	   unwounded,	   wounded,	   and	   infected	  
monolayers	  and	  raft	  culture.	  
	   2D	  HaCaT	  model	  	   3D	  Transwell	  raft	  culture	  model	  
IL-­‐1β	  (pg/mL)	   Not	  detected	   3.5	  -­‐	  127.3	  
IL-­‐6	  (pg/mL)	   61.1	  -­‐	  455.8	   715.3	  -­‐	  2071.7	  
IL-­‐8	  (pg/mL)	   5.7	  -­‐	  156.0	   138.6	  -­‐	  246.2	  
HBD-­‐2	  (pg/mL)	   7091.5	  -­‐	  8695.3	   7011.6	  –	  8714.6	  
HBD-­‐3	  (pg/mL)	   5878.7	  -­‐	  8716.3	   5832.9	  -­‐	  7321.3	  
ELISA	  analysis	  of	  cytokines	  in	  supernatant	  from	  2D	  monolayers	  and	  raft	  cultures	  
that	   were	   unwounded,	   or	   wounded,	   or	   wounded	   and	   infected.	   The	   range	   of	  
values	  was	  random	  for	  each	  condition	  over	  the	  four-­‐day	  period	  after	  wounding.	  



























5.2.	  Appendix	  2:	  Zymography	  solutions	  and	  gel	  recipe’s	  	  
	  
Recipe	  1.	  Stacking	  buffer	  
	  	   6	  g	  Tris	  base	  (Applichem)	  
Make	   up	   to	   60	   mL	   in	   milli-­‐Q	   water	   and	   adjust	   pH	   to	   6.8	   with	   HCl	   (BD	  
Biosciences).	  	  
	  
Recipe	  2.	  Resolving	  buffer	  	  
27.23	  g	  Tris	  base	  	  
Make	  up	  to	  80	  mL	  in	  mill-­‐Q	  water	  and	  adjust	  pH	  to	  8.8	  with	  HCl.	  	  
	  
Recipe	  3.	  Gelatin	  stock	  solution	  10x	  
	  	   1	  g	  Gelatin	  (sigma)	  	  
Make	  up	  to	  100	  mL	  in	  dH2O).	  
	  
Recipe	  4.	  10%	  SDS-­‐page	  lower	  resolving	  gel	  	  
3.47	  mL	  dH2O	  
100	  μL	  10%	  SDS	  (BDH	  Laboratories)	  in	  milli-­‐Q	  water	  
200	  μL	  50%	  glycerol	  (BioRad,	  USA)	  in	  milli-­‐Q	  water	  
2.5	  mL	  resolving	  buffer	  
1	  mL	  Gelatin	  stock	  solution	  10x	  
3.33	  mL	  30%	  acrylamide	  (BioRad)	  
60	  μL	  10%	  ammonium	  persulphate	  (AP)(ICN	  Biomedicals,	  USA)	  in	  milli-­‐Q	  
15	  μL	  N,N,N’,N’-­‐Tetramethylethlenediamine	  (TEMED)(Sigma)	  
	  
Recipe	  5.	  3%	  SDS-­‐page	  upper	  stacking	  gel	  
	  	   3.25	  mL	  dH2O	  
50	  μL	  10%	  SDS	  
1.25	  mL	  stacking	  buffer	  
500	  μL	  30%	  acrylamide	  
30	  μL	  10%	  AP	  





Recipe	  6.	  Non-­‐denaturing	  sample	  Buffer	  2x	  
	  	   2.5	  mL	  stacking	  buffer	  
2	  mL	  Glycerol	  
4	  mL	  10%	  SDS	  
0.5	  mL	  0.1%	  Bromophenol	  Blue	  (BioRad)	  in	  milli-­‐Q	  
Make	  up	  to	  10	  mL	  in	  dH2O.	  	  
	  
Recipe	  7.	  Running	  buffer	  10x	  	  
30	  g	  Tris	  base	  
144g	  glycine	  (Thermo	  Fisher	  Scientific)	  
10g	  SDS	  
Make	  up	  to	  1L	  in	  dH2O.	  
	  
Recipe	  8.	  Renaturing	  buffer	  10x	  
25	  mL	  Triton	  X-­‐100	  (BDH	  Laboratories)	  	  
Make	  up	  to	  100	  mL	  in	  dH2O.	  
	  
Recipe	  9.	  Developing	  buffer	  10x	  
1.21	  g	  Tris	  base	  
6.30	  g	  Tris-­‐HCL	  (Thermo	  Fisher	  Scientific,	  USA)	  
11.7	  g	  NaCl	  (Thermo	  Fisher	  Scientific)	  
0.2%	  NaN2	  (Merck,	  USA)	  in	  milli-­‐Q	  water	  	  
Make	  up	  100	  mL	  in	  dH2O.	  	  
	  
Recipe	  10.	  0.5%	  Coomassie	  blue	  
2.5	  g	  Coomassie	  blue	  R-­‐250	  (Applichem)	  
250	  mL	  methanol	  (Thermo	  Fisher	  Scientific)	  
50	  mL	  glacial	  acetic	  acid	  (Thermo	  Fisher	  Scientific)	  	  








Recipe	  11.	  Destain	  
250	  mL	  methanol	  
50m	  L	  glacial	  acetic	  acid	  	  
Make	  up	  100	  mL	  in	  dH2O.	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